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71 - ABSTRACT

Hybrid parallel internally pipelined Vector Image Pro-

- cessors (24, 41, 54) which may also be externally pipe-
~lined. The exemplary Processors (24, 41, 54) include n
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~ array (25, 25', 38, 52) wherein each element (PEH-PEH) |

includes: (i) multiple cascaded latches (N1, N2, N3)ina | |
one-dimensional row; (ii) a neighborhood functional

- unit (NFU,) for performing' NEIGHBORHOOD
- TRANSFORMS; (iii) an arithmetic logic unit (ALU)
for performing ARTIHMETIC/LOGIC TRANS-

FORMS; (iv) means (48, 49,, 50,) for transfernng data

in the latches (N1, N2, N3) to the neighborhood func-
- tional unit (NFU,,) and to the neighboring north/south

processors; (v) means (48,, 49,) for transferring data in

the latches (N1, N2) to the arithmetic logic unit (ALU);
and (vi), means (48,_. .

. 0,1, 48,1 1.
inputting image boundary and PIXEL nelghbor data to -

- the neighborhood functional unit (NFU,). Where the
- number of rows (“X”) of PIXEL data is greater than

- the number (“n”") of processors (PE,- -PE,), the system
processes adjacent stnps (382.-38y) of PIXEL rows with

all PIXELS in a given column (“Y”) within each strip

- (384-384) bemg processed n parallel and with all col- - '
~umns of PIXELS in each strip being processed in inter-

nally pipelined form. This latter system includes border

Memories (225, 225p) for storing boundary data for
~each strip (38,~38,) and for cross- -feeding the north and

south rows of PIXEL output data in each strip to re-
spective ones of the border Memories (2255, 22N5) for' |

- use in processing adjacent strlps

78 Cl-aims,. 13 Drawing Sheets

VECTOR

IMAGE
PROCESSOR
24~ CXR(3XI6)

SN A N A R A Sy SR N R N R N B a
26+, 321y

30 TTVIP GUTPUT SIGNALS

SEQUENCER CONTROL SIGN

MEMORY BUS

cPu

. 30p41) for



| | O¢

=

4,742,552

SIVYNSIS T041INOD NdD

Og

ndo

q82
/
I
\\ SE®
, _N3NO3S
/
Y 4 .

A 174%
sN8 AHOW3IW |

ec

SNa_ANOW3IW

Sheet 1 of 13

SIVNIIS 1NdLNO dIA

STVNOIS 1081INOJ 4IONINDIS

-
..II\I.N.. rr 7 7 T T T T 7T r T T T T

¥$$*$$*$*$$$*$*+¢

il ol ol i ol ol ol alle 2l alie ol ol ot ol ol 0

L=

7 *******%*x**i

ﬂ$k**$*$******x*{

At AF A A AFAF A LS A A A A A

}***************k&x

akalalts * *********&i 5

May 3, 1988

e/
D — v
< ;T** +FFFFFAF A A A AL ]
)/~ L
A/ !E$*$$$****+***$** S
»*************** -
***x**********i
FAFFAFAFAF A A A A A T
**********&x{{?.u

FAFFA A AFAF A FAF At A
L L L £ L L L L L L L L L 2L q

Sivigielilole8296beal O
AVHYV F9VI T3XId (91X 91) AX

d05530304d
JOVII

© HOLO3A

U.S. Patent

(OIXg) ¥x) e | 22—~ ANON3IN

174
0%




US. Patent  May 3, 1988 Sheet20f13 4,742,552

o | 2
alololo]

FIG. 4

A NORTH NEIGHBORS

380 IIJIIIJ’" BX32 PIXEL STRIPS
Easla? 8 X N PATCH

32 20

8¢ ' 8X32 PIXEL STRIPS




US. Patent May 3, 1988

Slolo

7

IOO

0|0

OC|C|O|O|OJOC|O|OIO}|O

ololo|o

m——

O |23(24

O 1272829
32

ololo]
[
H O

(9

~
o
o
®

00
0agaifo]o

FIG. 124

°
O
O
O

| 1d

X[x[0
x[E[o
X[x[0
FIG. |1b

Sheet 3 of 13

4742552

X
E

X|E[X
olofo

FIG.

O
LM
— 1T

FIG. 8

23aess

X

Sb



4,742,552

Sheet 4 of 13

May 3, 1988

U.S. Patent




U.S. Patent May 3, 1988 Sheet 50f13 4,742,552

- R “__;]— - TT FROM FIG. |4
20\ l— %45\5, L : l ITO FIG. 14b

_ 34{\,] Tpsjol PZZGI | ij
- zib_\_ _ — ‘
m
2~4 ]

| 1 3
N
51 CONTROL SIG- | | : . TO FIG. 14b

NALSFF?OMSEQ
I ! , B

26p | FROM FIG. 14b

| ‘
22“\,'

' A l

_ ; RAM Ic l

P
5| CONTROL SIG- | JOFIG 14b
NALS FROM SEQ.

RAM 2C : _TNs g
| e 34 —_ — — —
dqre: l

464 | J . 26¢ 'FROM FIG. 14b
bALhE | |
TO
FROM FIG. |4C

FIG. 14c FIG 14q




US. Patent  May 3, 1988 Sheet 6 of 13 4,742,552
TO FIG. 14a '
I y m
FROMS—-B-{ ? Az
FIG. 144 e e o+ 4 e ..........................._...._..........-_J '
r:='l—:cj j 48 ' CONTROL SIGNALS
48b‘\. “L |~ 49 FROM SEQUENCER|
I B T 49, ( 5ob 50, '
II - L.
PE 1 controL SIGNALS >0 - |
1{_‘ FROM SEQUENCER 49b e !
[ T~32F L 327 ‘( |
FROM FIG. I4a| m I ;
| ' _ (¢ 86q
' l 49b ,
_ o .
‘ | | 48p ( (( 48 ALUp
- - Bl .
g 48| NI 45, l
_ | CONTROL
i | 49 j‘ 50 SIGNALS !
TOFGKa || 26 FROM SEQUENCER | |
< lt_______;_____ﬂ______________ ____________.._____Jl
| 48p CONTROL SIGNALS

PE
CONTROL SIGNALS
- FROM SEQUENCER
FROM FIG. i4q!
| I 48(;
|
TO FIG. 140 | <Ge

484
494

- %_ 32— N
| o 53

. |

\

|

(-.((

(@

S @i

S

-1.(— 2
Bl |
c
DI |

c2 |

(L ([ | awe
C |
32 I |

50, FROM SEQUENCER |

C3
D3
NFUc

49,

i
{1 CONTROL '
504 SIGNALS ‘
FROM SEQUENCER |
. _JJ ,
o N
FROM TO

FIG. 14d  FIG. 4d



U.S. Patent

TO FIG 140 ~—\

May 3, 1988

Sheet 7 of 13

f' FROM FIG. 14a

4,742,552

e csmeme ~
q || '
46h | 22
~ 46¢ \-1
SENSOR 464 I 34 |
o - _P—'ﬁwl 22d \ !
N T T
a6e TN L —
ol | st || T
I l ":"!T?- I I 32 ‘ | .
NALS FROMSEQ T T =%
AP enccallemin e
29"'“"' - | | ' , . |_
' | l "| RAM 24 | 7
. ' NS
T ! l E - -—_ﬂl'
L
3| |
SE&_JEN 32 | !34 \' 26;1—/-3 | FROM FIG I4d
> | TPSQ .
DI | [ e
<
SRR DG F —
I——-—}* b TL U | From F16. 144
i i ‘ o\ -———————
/ ' o [ 1o FiG, 14d
20 Lm ____T______ ' ' L_
Vg —— 1 >j’
- 22, NS




U.S. Patent '

. TO FROM
FIG. 14b  FIG. 14b
T T ¥ CONTROL SIGNALS T
| 48 4 48, 49, FROM SEQUENCER |
i i s oo e st s —| e —
B 494 l - 504 50, o 32| '

PEd l -
| \I’ . CONTROL SIGNALS

| FROM SEQUENCER

- \

. FROMLFIG. [4c I ‘ N " B ‘ - .ﬁt(
; m ' ' m . | -.((—
L i = |!
. ((l((- ]

| | CONTROL
264 SIGNALS
TO FIG, 14c FROM SEQUENCER
- T I e — |
" 48e ’ 48 494 .
PEe — ' 49 A AA 50 50d !
i E| D3 ]
. E2 D2 -
TOFIG. 14¢c | L E3 D| L
f=—
FROM —> _
FIG. 14c | |7 v

May 3, 1988 Sheet 8 of 13

(A

|

4,742,552

NFUg




US. Patent  May 3, 1988 Sheet 90f 13 4,742,552

FIG. 15

52
32X32 PIXEL IMAGE ARRAY
STRIP NO. | ROWS A-H
STRIP NO. 2 \r——— "
NORTH BORDER - 54 NB ROWS |-P
STRIP NO. 3 _ _X‘_ﬂ_ o ,
SOUTH EDGE F—
STRIP NO, 2 Ea =
PEC E PE ¢ ROWS Q-X
| e
STRIP NO.3 PEg — PE .
SQUTH BORDER\ /F— — — —— — — —
STRIP NO. 3 - SB )
NORTH EDGE ROWS Y-FF
STRIP NO. 4

STRIP NO. 4



4,742,552

Sheet 10 of 13

May 3, 1988

U.S. Patent

Ow_ O_L 991 914 WOH

174°)
491 9id Ol WOH S

-Ugt Zug et

91 1 _ _ Q9! 914 ol
HH 4\ —~ |~-Ugy \ﬁ ﬁ |-Us A\%
TUneL. i %Mmi.ll.. o T T i
0S m_\ 8t o lL YA i
b Uog

1%

Det dog st |

(

4




491 9Old

4,742,552

3 —
Y
o _
—
.
L | _ as
% | 8b
| _ 8Sgp
| _T -
o0 | 95
= | I N
= _ 171-N
)
_, 28S
- ZN
> | 2/1-N
| UN4N
| c g5
- . SN
- “v_/\ c/1-N
=9 |
= | o
P | S I-4og i W
) 1l |-Ust Uog ugt Ll . L
S D9l 914  D9| 94 Ol S DY 94 WOHA ~/
- _ NOY S P9 914 Ol



4,742,552

Sheet 12 of 13

May 3, 1988

U.S. Patent

STVNOIS "1041INOD NdD

;%

/I OI4 < 43

-NJNO3S

2e \‘ be

Sng AHOW3W

STVYNOIS TOH4LNOD d3JONIND3S

174

o STVNOIS LNd1N0 dlIA
Q21 9id QL S

: \Iq.ﬂllﬁqlulwlw.druwul.uﬁdsqu.ql,wﬂ\

" Sl ol ol ol ol alic allv ol otk ol ol ol ol oty SN -
, Sk alsak ol ol e ol ol ol ol bt alle i ot ol SN O
fr+HF S A A A A A L FA A+ N
FrFPA S A AFAAF AL+ N
. aaly i ol ol ol ol ol ol i ol ol ol ol ol ol AU

. St A A FAF AL

: Lt FA A +F A, FA At At AFAFo O
Ft A A A AL

" el sl ali ol ol ol ol olk ol ol sl ok Sl SN o SN 5
. athal aie ol ol ol ol alv ol o ol ob Sl ol ol o SR
., FFFF A At A S A A S
_ Attt A A FA T
;- + FAAFFFFAFS A A AL O
At At At A FA A A A A FA D

) - |
F At A At At S A g
TIIRLLRLFF*FRFF*FFL*LLN\%IQ
CSGlbeEiclIIoeBgLO9G PE 21 O
G

AVHHVY FOVIAL 13XId (91X 9al) AX

fom

>

ASONTIN

O

I



U.S. Patent

May 3, 1988

Sheet 13 of 13

FIG. 17b

4,742,552

JI
———
. 28b
CPU CONTROL SIGNALS

N
¥ e
\
¢ .
.
.,
N ! ~ ~
&J .
N2 || B
Z| | | j
T O
= E | |
| |2 | |
2 3 |
N\
S e 0
3| 14 3 !
ol 18 o (::l
S = .
8 of |
R
1]
|§

307




4.742.552

1
VECTOR IMAGE PROCESSING SYSTEM

BACKGROUND OF THE INVENTION
Technical Field

The present invention relates generally to image pro-

cessing systems for processing digitally encoded image

data derived from a suitable conventional sensor on a
high-speed real time basis; and, more particularly, to a
Vector Image Processor (hereinafter termed “VIP”)
and Vector Image Processing System employing a par-
allel internally pipelined architecture enabling process-
ing of n rows of digitally encoded binary data in the
form of an XY array of picture elements (hereinafter
referred to as “PIXELS”), and wherein the n PIXELS
(where “n” can be any desired whole integer) in each
column are shifted sequentially through the VIP in
column-by-column internally pipelined form, thereby
minimizing the complexity of the processor in terms of
size, hardware and attendant expenses, while optimizing
processor speed so as to enable performance of specific
image processing operations on a real time basis.

To this end, the present invention is directed to a VIP
and Vector Image Processing System having a one-
dimensional column of n (where “n” is any desired
whole integer) parallel processor elements (hereinafter
“PES”) through which an XY array of digitally en-
coded PIXEL data is sequentially shifted in column-by-
column internally pipelined form and wherein the VIP
is programmed to permit a selected one or selected ones
of conventional well-known image processing opera-
tions such, merely by way of example, as: (i) neighbor-
hood operations (hereinafter generally termed
“NEIGHBOR TRANSFORMS’)—e.g., spatial filter-
ing operations such as expansion, contraction and thin-
ning used to modify image features and/or measure
image characteristics based upon relationships between
each PIXEL and its neighbors—typically, NEIGH-
BOR TRANSFORMS might, for example, include
edge or boundary detection, size determination, bright-
ness measurement, etc.—(ii) arithmetic operations
(hereinafter generally termed (“ARITHMETIC
TRANSFORMS”) such as “add”, “subtract” and *mul-
tiply” for smoothing images, altering brightness levels,
and comparing two images one to another or a given
image at two spaced points in time; and (iii), logic oper-
ations (hereinafter generally termed “LLOGIC TRANS-
FORMS”)—e.g., Boolean operations—such as AND,
OR, and XOR (inclusive OR) for superimposing im-
ages, detecting changes, extracting objects of interest
and/or removing unwanted details.

The foregoing representative TRANSFORMS are
identified solely for the purpose of indicating exemplary
types of processing operations commonly employed in
image processing techniques and are not considered to
be all inclusive or limiting. The particular processing
operations to be carried out are generally well known
and conventional, vary widely dependent upon the
specific use for which the special purpose image proces-
sor 1s intended; are not critical to the present invention;
and, consequently, are not described in detail in the
ensuing specification.

The present invention finds particularly advanta-
geous application in such fields as, merely by way of
example: blood cell counting; picture enhancement;

innumerable industrial applications such as, for exam-

ple, sorting parts in an assembly line based upon the size
of the parts, detection of defective parts, and/or orien-
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2

tation of parts to conform to a particular pattern for
permitting subsequent automated machining and/or
assembly operations—i.e., robotics; aerial and/or space
reconnaissance; target tracking and/or identification;
target seeking or location; guidance systems; and, nu-
merous like applications, to name but a few of the possi-

ble techmical fields within which the invention might
find application.

BACKGROUND ART

During the past three decades and continuing into the
1980’s, considerable efforts have been devoted in at-
tempts to design image processors suitable for use in a
wide varlety of technical fields and differing applica-
tions. Prior to the advent of the present invention, such
etforts have been primarily directed to developing con-
ventional computers programmed for image processing.
Unfortunately, however, conventional computers,
when programmed for image processing, are extremely
mefficient for most high speed applications. This is in
part due to: (1) the tremendous volume of digitally en-
coded data present in a typical two-dimensional XY
PIXEL array—for example, a typical image may con-
tain from 10° to 107 PIXELS—and, consequent process-
ing time with conventional computers may require up
to several minutes, or even hours, of computational
operations; (ii) the desire for operation on a real time
basis; and (ii1), the specialized nature of image process-
ing algorithms. Consequently, in an effort to overcome
these disadvantages, numerous special purpose, single
instruction multiple data (“SIMD”) image processors
have been developed which, in general, fall into one of

two distinct categories—viz., (1) a parallel Binary Array

Processor (BAP); or (ii), a serial or Pipelined Processor.

BAP architectures have, in turn, generally fallen into
one of two categories—viz., (i) a fully parallel processor
or a locally parallel processor. Typical examples of fully
parallel processors include: (1) the Cellular Logic Image
Processor (CLIP); (11) the Massively Parallel Processor
(MPP); and (1), the SOLOMON Processor. The CLIP,
developed by M. J. B. Duff and his associates in the
United Kingdom, has progressed through a series of
models identified as CLIP I, CLIP II, CLIP II and
CLIP 1V; and, in CLIP IV, for example, the processor
1s designed to operate on all PIXELS in a 96X96
PIXEL array simultaneously and, therefore, requires a
total of 9,216 PES. The MPP, originally designed by
NASA for processing satellite data and, more recently
redesigned by Kenneth Batcher at Goodyear Aero-
space, has been designed to simultaneously process all
PIXELS in an 128 X 128 PIXEL array and, as a conse-
quence, the MPP requires 16,384 PES.

Fully parallel processors such as the CLIP series,
MPP and SOLOMON have a number of disadvantages.
In general, they employ fixed hardware construction
designed to deal with images of a specific maximum
size—e.g., 96 X 96 in the case of the CLIP IV; 128X 128
in the case of the MPP; etc. However, if such fully
parallel processors are used to process smaller images,
then some (often a large percentage) of their capacity is
wasted. If they are used to process larger images, then
neighborhood relations are lost at the edges of the pro-
cessor. This requires special treatment such, for exam-
ple, as dividing the image frames into segments with
boundaries that cut into objects; and, as a consequence,
the resulting sliced objects do not permit of accurate
spatial filtering operations.
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In addition to the foregoing problems, fully parallel
processors implemented as single integrated circuits
(“ICs”) have severe interconnection problems due to
the fact that they employ a separate PE for each PIXEL
to be processed. Where neighborhood operations are to 5
be performed—and, assuming a 3 X 3 neighborhood—a
fully parallel array processor designed to handle a
16X 16 PIXEL image array would require a total of 376
pins just for neighbor communications with other
1616 1Cs. Memory interface requirements further 10
exacerbate this problem. That is, two pins are required
for each PE—viz. one for data input and one for data
output-—in order to perform a single operation for each
cycle of the image buffer. Thus, the exemplary 16X 16
parallel array processor described above would require 15
an additional 512 pins for high speed operations. A
single pin can, of course, be multiplexed, but this will at
least halve the speed of operation dependent upon the
number of signals multiplexed—i.e., if three signals are
multiplexed, the speed of operation will be only one- 20
third the speed of operation for a single signal; four
signals multiplexed reduce the speed to one-fourth, etc.

In addition to the foregoing communication pins, con-
trol and clock pins are also required. Consequently,
fully parallel processors tend to be relatively large and 25
complex, highly pin limited, extremely inflexible, and
extremely expensive.

A locally parallel processor is, in effect, simply a
~smaller version of a fully parallel processor, and is de-
signed to analyze only a subsection or window of an 30
~overall XY PIXEL image array. Typical examples of
““locally parallel processors are the Coulter diff3 (a 10X 3
PIXEL window) and the Preston-Herron Processor
(PHP) which employs an 18 X 3 PIXEL window. As in

the case of a fully parallel processor—e.g., CLIP IV, 35
MPP, SOLOMON, etc.—locally parallel processors

have generally required sufficient hardware to simulta-
neously process all PIXELS in a given XY array (e.g.,
“‘a3X 10 array in the diff3, or an 18 X 3 array in the PHP).
~Thus, in the fully parallel BAP, the XY array of PES is 40
“coextensive with the maximum size XY PIXEL image
“array to be processed and can require up to literally
thousands of PES, associated memories, and the neces-
sary hardware interconnections; while locally parallel
BAPs, which are designed to include a smaller two-di- 45
mensional XY array of PES, still require a large number
of associated memories and the necessary hardware
interconnections which are mandated by the two-di-
mensional PE array.

Articles of interest describing the foregoing types of 50
fully parallel and/or locally parallel BAP architecture
designs, as well as various advantages and disadvan-
tages thereof, include: Computer Architectures For
Image Processing In The U.S.A., Anthony P. Reeves,
SIGNAL PROCESSING, Vol. 3, pp. 217-230 (1981), 55
0165-1684/81/0000-0000, published by North-Holland
Publishing Company; and, A General-Purpose High-
Speed Logical Transform Image Processor, J. M. Herron,

J. Farley, K. Preston, Jr., and H. Sellner, IEEE
TRANSACTIONS ON COMPUTERS, Vol. C-31, 60
No. 8, PPp- 795-800 (August 1982)
0018-9340/82/0800-0795.

A modified version of a conventional BAP is the
PYRAMID, which, in a sense, also comprises a locally
parallel processor; but, wherein each PE is used to 65
process several PIXELS. A current known PYRAMID
design requires a 4X 16 tile size wherein each of four
PES on a single chip is responsible for sixteen PIXELS

4

with each operation being applied successively to each
of sixteen PIXEL rows by four PES operating in paral-
lel. The PYRAMID is constructed by interconnecting
tiles to form arrays or levels, with the largest array
being the baseplane and with successively smaller ar-
rays being stacked thereabove—hence, the name
PYRAMID. It has been suggested that the principal
advantage of a pyramidal architecture is that lower
resolution images can be processed more rapidly than
higher resolution images; and, a pyramidal architecture
permits operations at various resolutions with each
array or level having 50% of the resolution and 25% of
the image area of the array or level immediately there-
below. Unfortunately, however, one of the highly desir-
able purposes of image processing is the ability to con-
duct spatial filtering operations such as size measure-
ments and/or comparisons. Since the purpose of spatial
filtering is to discriminate between objects having dif-
ferent spatial characteristics, operation at high resolu-
tion is highly desirable. Moreover, the time required to
move 1mages to progressively higher levels at progres-
sively lower resolutions tends to be a real disadvantage,
particularly when working with relatively large pyra-
midal structures.

Pyramidal architectures have numerous disadvan-
tages in terms of complexity, cost and flexibility. In
general, a pyramidal architecture requires one-third
more PES than a two-dimensional XY parallel array
processor; and, in addition, requires interlevel commu-
nication, additional control circuits for each level, and
more complex software and microcode to handle multi-
level operations. As with the fully parallel array proces-
sors discussed above, the PYRAMID is also generally

designed to handle images of a fixed maximum size.
Consequently, when dealing with smaller images, ca-
pacity is wasted; and, when dealing with larger images,

spatial filtering operations are either not possible or
their accuracy 1s sertously denigrated unless additional
circuitry is provided to allow segments to be over-
lapped. Pyramidal architectures, by employing shared
PES and pin multiplexing, have tended to reduce the
interconnection problems inherent in fully parallel pro-
cessors; but, at a real cost or trade-off in terms of perfor-
mance which is decreased by a factor of at least sixteen
(16) when compared to a fully parallel array processor
such, for example, as a 4 X 16 processor.

In U.S. Pat. No. 4,060,713-Golay, the pantentee dis-
closes a BAP wherein the two-dimensional array of
PIXELS are arranged such that every PIXEL in the
array, except for the edge PIXELS, is surrounded by six
(6) neighboring PIXELS disposed in an hexagonal ar-
ray. Golay further describes in considerable detail vari-
ous NEIGHBORHOOD TRANSFORM operations to
be performed with respect to each PIXEL on a PIXEL-
by-PIXEL basis including, for example, such neighbor-
hood operations as spatial filtering—i.e., expansion,
contraction, hole isolation, etc.

In an effort to overcome at least some of the forego-
ing disadvantages inherent in known BAP designs,
computer architects have designed what are known as
sertal processors or “Pipelined Processors”. A well
known example of such a Pipelined Processor is the
CYTOCOMPUTER developed by Environmental Re-
search Institute of Michigan. An excellent description
of Pipelined Processors in general, and the CYTO-
COMPUTER in particular, appears in the aforesaid
article by Anthony P. Reeves entitled Computer Archi-
tectures For Image Processing In The U.S.A., SIGNAL
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PROCESSING, supra, at pp. 223-225; and, those inter-
ested in a detailed description of such processors are
referred thereto and to U.S. Pat. Nos. 4,167,728-Stern-
berg, 4,174,514-Sternberg, 4,290,049-Sternberg et al and
4,301,443-Sternberg et al. Thus, the Sternberg *728 pa-
tent describes a Pipelined Processor having a chain of
PES with the output of each PE providing the input to
the next PE in the pipelined chain. In Sternberg’s ’514
patent, a Pipelined Processor is disclosed having paral-
lel pipelines wherein each PE operates on a window or
subsection of an image with the window contents being
brought into position by means of shift registers and a
raster scan technique. In the Sternberg et al 049 patent,
the patentees describe an image processing technique
for selecting the maximum PIXEL wvalue in a 3X3
neighborhood; while the Sternberg et al ’443 patent
describes a portion of the CYTOCOMPUTER circuit.
The CYTOCOMPUTER serial processor has two
primary advantages when compared to a BAP such as
those discussed above—viz., it has no pin limitations
and 1t does not require an image buffer memory since it
can be connected directly to a sensor. However, the
precision of the CYTOCOMPUTER serial processor as
currently designed is limited to eight (8) bits, a major
disadvantage when working with sensors having dy-
namic ranges of ten (10) or twelve (12) bits. While the
CYTOCOMPUTER can be modified to provide ten
(10) or twelve (12) bits of precision, most of the capac-
ity would be wasted when working with binary images.
Moreover, the CYTOCOMPUTER has inherent disad-
vantages in connection with data rates and laten-
cy——1.e., the built in time delay resulting from process-
ing data in step-by-step pipeline fashion as measured
from the time of entry of a PIXEL into the pipeline
through the time of exit thereof. In short, the CYTO-
COMPUTER has very limited utility in connection
with real time applications; it has too little precision for
infra-red sensors and the like; it is incapable of handling
the data rate for many of such sensors; it requires too
many chips for use with commonly used image process-
ing algorithms; it has limited arithmetic capability; and,
It employs a fixed execution sequence; to name but a
few of the disadvantages inherent with this type of
serial image processor.
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Other prior patent disclosures of interest include U.S. 45

Pat. Nos.: 4,224,600—Sellner (a fully parallel micro-
processor based BAP suitable for use with binary im-
ages and said to be an improvement based on the afore-
said Golay U.S. Pat. Nos. 4,060,713); 4,229,797—L ed-
ley (a high speed video processor employing a video
crossbar switch, D/A converters, x/y delay buffers,
etc.); 4,309,691-Castleman (a processing system employ-
ing multiple cascaded or pipelined general purpose
microcomputers); 4,334,241—Kashioka et al (a special
purpose pattern matching circuitry); 4,334,274—Augi
et al (a special purpose digital circuit employed to deter-
mine whether an object or Blob in a digital image lies
within a closed boundary); 4,325,085—Gooch (a digital
circuit for compressing facsimile data for storage or
transmission); 4,143,401—Coviello and
4,258,394—Kennedy (digital circuits for use in edge
detection of gray scale images); 4,330,833—Pratt et al (a
digital filtering technique for enhancement of digital
images); 3,809,902—Cofer et al (a facsimile recorder
used to produce a picture of electrolytic cells);
4,302,775—Widergren et al (a digital video compression
system); 4,238,768—Mitsuya et al (a special purpose
digital circuit for digitally encoding image data for
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storage or transmission through a data channel);
4,297,727—0gawa et al (facsimile apparatus employing
a microcomputer as a central controller);
4,184,206—Harano (an apparatus for assigning the most
accurate value to a PIXEL as the input image is digi-
tized); and, 4,254,467—Davis et al (a vector to raster
processor for converting graphics data to a form suit-
able for plotting or display). Attention is also directed
to an article entitled Architecture For A Digital Program-
mable Image Processing Element, Stanley A. White,
CONFERENCE: ICASSP 81, PROCEEDINGS OF
THE 1981 IEEE INTERNATIONAL CONFER-
ENCE ON ACOUSTICS, SPEECH AND SIGNAL
PROCESSING, pp. 658-661 (30 Mar.-1 Apr., 1981).

SUMMARY OF THE INVENTION

An image processing system including special pur-
pose processing hardware and methods for processing
digitally encoded binary and gray scale data output

from a sensor in a two-dimensional XY PIXEL image

array and wherein the system includes a one-
dimensional column of n PES (wherein “n” can be any
desired whole integer) arranged in parallel for parallel
processing of such rows of PIXELS in the two-dimen-
sional array and wherein the columns of PIXELS in the
array are relatively fed or shifted in column-by-column
fashion through the Vector Image Processor (VIP) of
the invention in internally pipelined sequential order;
and, wherein the PIXELS in each column are processed
in parallel while permitting a NEIGHBORHOOD,
ARITHMETIC or LOGIC TRANSFORM to be con-
ducted simultaneously on a plurality of PIXELS in each
column.

To this end, and in accordance with one relatively
narrow specific embodiment of the invention, the image
processing system or VIP of the present invention in-
cludes a single PE having: (i) a plurality of latches in a
two-dimensional neighborhood array—for example, a
two-dimensional AB neighborhood array wherein both
“A” and “B” are equal to three (3), thus forming a 3 X3
neighborhood array; (it) a neighborhood functional unit
(hereinafter referred to as “NFU™); and (iii), at least one
of an arithmetic unit (hereinafter referred to as “AU”),
a logic unit (hereinafter referred to as “LU”), or a
comosite arithmetic logic unit (hereinafter referred to as
“ALU”); and, wherein n rows of digitally encoded
PIXEL data (where “n” is equal to the value of “A” in
the AB neighborhood array) contained within the two-
dimensional PIXEL image array are relatively shifted
through the VIP in column-by-column pipelined fash-
1on with n adjacent PIXELS—for example, three (3)
adjacent PIXELS—in each horizontal row being pro-
cessed being shifted into, held for processing in, and
shifted out of n—e.g., three (3)—cascaded latches and
wherein: (a) the digitally encoded data stored in all nine
(9) latches in the AB neighborhood array at any given
instant of time is fed to the NFU for performing a se-
lected NEIGHBORHOOD TRANSFORM; or (b),
while the digitally encoded PIXEL data in two (2)
adjacent latches in a given row containing the particular
PIXEL of interest being processed is fed to one of an
AU, LU or ALU for performing an ARITHMETIC or
LOGIC TRANSFORM.

In a more generalized and practical embodiment of
the invention, n PES (where “n” is any desired whole
integer greater than “1”") are arranged in parallel in a
one-dimensional columnar array with each PE includ-
ing: (1) a plurality of cascaded latches—for example,
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three (3) latches—in a one-dimensional row; (ii) an

NFU; and (111), at least one of an AU, a LU, or an ALU;

and, wherein the NFU is provided with data input from
the latches contained in its PE and is simultaneously
provided with data input from the latches in the neigh-
boring north and south PES. In this latter more general-
ized form of the invention, the digitally encoded
PIXEL data contained within n rows of data in an XY
PIXEL image array is progressively and relatively
shifted through the VIP containing n PES in internally
pipelined column-by-column fashion for permitting
simultaneous parallel processing of n PIXELS in each
successive column being processed to permit a NEIGH-
BORHOOD, ARITHMETIC or LOGIC TRANS-
FORM.

In those instances where the value “X” in the two-di-
mensional XY PIXEL image array is greater than the
value “n” for the number of PES contained within the
VIP, adjacent strips each containing “n” rows of
PIXEL image data are successively processed by the
VIP; and, in such instances, the VIP is provided with
edge memories for inputting digitally encoded data
representative of: (i) either the northernmost image
border or boundary, or the southernmost row of digi-
tally encoded PIXEL data in the adjacent northern
strip; and, (ii), either the southernmost image border or
boundary or the northernmost row of digitally encoded
PIXEL data in the bordering southern strip, so as to

-permit spatial fiitering of data at the northern and south-
- -ern edges of each strip of digitally encoded data being
~processed. The VIP system of the present invention
further permits of external pipelining of a plurality of

"VIPs with the digitally encoded data output from one
-VIP being input to the next adjacent downstream VIP

- for conducting a further processing operation thereon.
More specifically, it is a general aim of the present
iInvention to provide a highly simplified image process-
“ing system architecture which overcomes the disadvan-
-“tages inherent in conventional BAP and serial, or pipe-
- lined, image processing architectures and which is capa-
ble of performing any selected preprogrammed
"NEIGHBORHOOD, ARITHMETIC or LOGIC op-
eration on a two-dimensional digitally encoded PIXEL
image array on a real time basis while employing only a
minimal amount of hardware that can be packaged in an
optionally sized configuration at minimal expense.
Stated differently, it is a general objective of the inven-
tion to provide a special purpose image processor for
handling computationally expensive tasks which would
otherwise place too great a load on a conventional
computer or Central Processing Unit (CPU) due to: (i)
the tremendous volume of data in typical digitally en-
coded two-dimensional XY PIXEL image arrays; and
(11), the specific nature of image processing algorithms;
yet, wherein the special purpose image processor is
characterized by its ability to carry out its image pro-
cessing functions on a real time basis.

In one of its more important aspects, it is an object of
the present invention to provide a Vector Image Pro-
cessor (VIP) employing a one-dimensional columnar
array of n parallel PES for permitting a preprogrammed
processing operation on digitally encoded PIXEL data
oriented in a two-dimensional XY PIXEL image array
in parallel internally pipelined fashion, yet which does
not require shift registers, microprocessors, video cross-
bar switches, D/A converters, and/or similar hardware

employed in conventional types of images processing
systems.
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A more specific object of the invention is the provi-
sion of a VIP having a plurality of n parallel bit-serial
synchronous PES under the control of a general pur-
pose counter so as to permit handling of image process-
ing functions on a real time basis.

Yet another object of the present invention is the
provision of a Vector Image Processor (VIP) compris-
ing a hybrid parallel/pipelined architecture, and, more
specifically, a parallel internally pipelined architecture
which may, optionally, be configured as a parallel inter-
nally and externally pipelined architecture.

In another of its important aspects, it is an object of
the mvention to provide a special purpose image pro-
cessing system characterized by its high speed real time
operational characteristics and its ability to process
digitally encoded image data derived from any suitable
sensor such as a video image derived from a TV sensor,
an imaging IR sensor, a laser radar, or any other sensor
capable of generating digitally encoded video image
data 1n a two-dimensional XY array of discrete PIX-
ELS and wherein the two-dimensional XY array is
relatively shifted through the VIP in column-by-
column internally pipelined fashion.

In another of its more specific aspects, it is an object
of the invention to provide a VIP characterized by its
simplicity and having a one-dimensional columnar ar-
ray—I.e., a vector—of PES characterized by their flexi-
bility and their ability to handle a two-dimensional XY
PIXEL image array in parallel internally pipelined fash-
lon—viz., wherein a plurality of rows of digitally en-
coded image data in the form of PIXELS are fed in

parallel column-by-column internally pipelined fashion
through the VIP which serves to process the data em-
ploying bit-serial arithmetic wherein each PIXEL is fed

as a stream of one or more bits of any desired length,
and which 1s capable of handling digitally encoded
binary and/or gray scale data with equal ease.

In another of its more detailed aspects, it is an object
of the invention to provide a special purpose VIP char-
acterized by its ability to perform well known image
processing operations such as: noise filtering; spatial
filtering—Ii.e., detection of size, shape and brightness or
contrast of an object, target or “Blob™ of interest; pat-
tern matching; superimposition of two images; detec-
tion of image changes; extraction of objects of interest:
removal of unwanted details; modification of image
features; measurement of image characteristics by
NEIGHBORHOOD TRANSFORMS such as expan-
sion, contraction or the like based upon the relation-
ships between each PIXEL of interest and its nearest
neighboring PIXELS—e.g., its eight (8) surrounding
PIXELS 1n a two-dimensional 3 X 3 neighborhood or its
six (6) surrounding PIXELS in a Golay-type neighbor-
hood.

In yet another of its more detailed aspects, the inven-
tion provides for a VIP comprising a one-dimensional
columnar array of PES wherein each PE processes a
single PIXEL at a time and which, therefore, requires
very little circuitry, thus enabling implementation of up
to on the order of sixty-four (64) or more PES on a
single integrated circuit (IC).

A further general aim of the present invention is the
provision of a special purpose one-dimensional colum-
nar VIP employing a plurality of parallel PES wherein
each scan of a two-dimensional XY PIXEL image array
serves to perform a single processing operation—which
may comprise a NEIGHBORHOOD TRANSFORM,
an ARITHMETIC TRANSFORM, or a LOGIC
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TRANSFORM such as a Boolean logic opera-
tion—over an entire two-dimensional XY PIXEL
image array permitting multiple processing operations
to be conducted by processing such digitally encoded
image representative binary and/or gray scale data
through: (1) a series of externally pipelined VIPs; (ii)
iteratively through a single VIP; and/or (iii) iteratively
through n externally pipelined VIPS; thereby allowing
desired trade-offs between speed and complexity so as
to meet specific operating requirements.

A further objective of the invention is the provision
of an image processing system which permits the pro-
cessor to rapidly scan an overall two-dimensional XY
image of digitally encoded binary and/or gray scale
PIXEL data to locate objects or areas of interest, and to
then isolate on segments of the overall image and con-
duct a desired NEIGHBORHOOD, ARITHMETIC
or LOGIC processing operation thereon, all on a real
time basis.

DESCRIPTION OF THE DRAWINGS

These and other objects and advantages of the pres-
ent invention will become more readily apparent upon
reading the following detailed description and upon
reference to the attached drawings, in which:

FIG. 1 1s a three-dimensional block-and-line drawing
in highly simplified diagrammatic form, here illustrating
an image processing system of the type including: (i) a
suitable Sensor for detecting targets or other image type
objects and inputting digitized data representative
thereof into the image processing system; (ii) a Central
Processing Unit (“CPU”); (iii)) a Memory; (iv) one or
more peripherals such, for example, as a Console, Dis-
play and/or Disk; (v). a Vector Image Processor
(“VIP”) embodying features of the present invention;
and (vi), a Sequencer; it being understood that the bro-
ken line representation of the two-dimensional XY
PIXEL image array here shown is an imaginary dia-
grammatic pictorial representation provided solely for
purposes of clarity and to facilitate an understanding of
the invention and is, therefore, to be distinguished from
- the other hardware components shown in solid lines;

FIG. 2 1s a fragmentary block-and-line drawing
depicting—in highly diagrammatic, somewhat imagi-
nary pictorial format-—a typical two-dimensional XY
PIXEL image array suitable for processing in accor-
dance with the present invention, here particularly illus-
trating a plurality of typical overlapping two-dimen-
sional AB (here, 3 xX3) PIXEL neighborhoods:

FIG. 3 is a highly diagrammatic drawing representa-
tive of an exemplary 3X3 AB PIXEL neighborhood
wherein the nine (9) PIXELS illustrated have, or may
have been threshold to have, binary values of either “0”
or *“1”, here particularly illustrating an arrangement
wherein the binary values of the PIXELS in the “A”
horizontal row and in the “0” vertical column are such
that they respectively define the upper (hereinafter
referred to as “north”) and left (hereinafter referred to
as “'west”) boundaries or borders of an image;

FI1G. 4 1s a diagrammatic line drawing representative
of a typical PIXEL image array known as a “Golay
Surround’, an array which may also be processed utiliz-
ing equipment and processes embodying features of the
present invention;

FIG. 5 is a diagrammatic line drawing representative
of a plurality of overlapping neighboring Golay Sur-
rounds which may, for purposes of an understanding of
the invention, be considered to also define a two-dimen-
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sional XY PIXEL image array wherein at least one of
either the horizontal rows or the vertical columns of
PIXELS—here the vertical columns *“0” through
“4”—are offset to define saw-tooth shaped lines;

FIG. 6 1s a diagrammatic block-and-line drawing here
representative of an exemplary two-dimensional XY
(32X 32) PIXEL image array defined by four adjacent
832 PIXEL strips and illustrating also a typical 8 X N
patch (where “N” can be any desired integer represen-

tative of the number of vertical columns of PIXELS to
be processed);

FIG. 7 is a line drawing representative of a fragmen-
tary XY PIXEL image array depicted in diagrammatic
format and defining an object of “Blob” formed by
forty-one centrally located PIXELS having binary val-
ues or binary thresholded values of “1” surrounded by
a plurality of PIXELS having binary values or binary
thresholded values of “0” indicative of the absence of a
target, object or Blob of interest;

F1G. 8 i1s a diagrammatic line drawing representative
of a typical 3X3 PIXEL neighborhood wherein the
centermost PIXEL “E’ may be considered representa-
tive of any given PIXEL in the particular XY PIXEL
image array being processed—e.g., the XY PIXEL
image array shown in FIG. 7;

FIGS. 92 and 96 are diagrammatic line drawings
representative of 3 X3 PIXEL neighborhoods and here
indicative of an algorithm that may be employed during
an exemplary neighborhood functional operation
wherein a given object or Blob is horizontally eroded
for purposes of determining the height thereof;

FIGS. 10q through and including 10c are respectively
representative of the first, second and third operational
stages performed in accordance with the algorithm in
an horizontal erosion process to determine the height of
the Blob depicted in FIG. 7;

FIGS. 11a and 116 are similar to FIG. 92 and 95,
respectively, but are here illustrative of an algorithm
that may be employed in a vertical erosion process to
determine the width of a particular object or Blob:

FIGS. 12a through 124 are similar to FIGS. 10q
through 10c, but are here illustrative of the first, second,
third and fourth operational stages performed in accor-
dance with an algorithm for determining the width of
the object or Blob depicted in FIG. 7;

FIG. 13 1s a highly diagrammatic block-and-line dia-
gram, with parts removed for purposes of clarity, here
depicting a single exemplary processor element (“PE”)
embodying features of the present invention and suit-
able for use in carrying out the methods of the present
Invention;

FIGS. 14q¢, 14b6, 14c, and 144 are somewhat more
detailed block-and-line drawings which, when placed in
side-by-side (FIGS. 14g and 144; and, FIGS. 14¢ and
14d) and top-to-bottom (FIGS. 14a and 14¢; and, FIGS.
146 and 14d) relation and viewed conjointly, respec-
tively portray the upper left quadrant (FIG. 14a), upper
right quadrant (FIG. 14b), lower left quadrant (FIG.
14¢), and lower right quadrant (FIG. 144) of an overall
Image processing system incorporating an exemplary
Vector Image Processor (VIP) embodying features of
the present invention, such exemplary VIP having n
processor elements (“PES”) where “n” can be any
whole integer and is here shown as comprising any-

where from three (3) to six (6), or more, processor ele-
ments (“PES™);

FIG. 15 is a diagrammatic block-and-line drawing,

somewhat similar to FIG. 6 and again representative of
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an exemplary IX (32X 32) PIXEL image array defined
by four adjacent 8 X32 PIXEL strips, but here depict-
ing the PIXEL data being processed by an exemplary
Vector Image Processor (“VIP”) including eight (8)
parallel processor elements PE,-PE; in conjunction
with north and south border memories, with the VIP
here shown during processing of data in the third strip
from the top of the two-dimensional XY PIXEL image
array and with the north border memory providing
north neighbor inputs to the northernmost processor
element PE, from the neighboring PIXELS in the
southernmost row of PIXELS in the neighboring north
or second strip, while the south border memory pro-
vides south neighbor inputs to the southernmost proces-
sor element PE, from the neighboring PIXELS in the
northernmost row of PIXELS in the neighboring south
or fourth strip;

FIGS. 162 and 165, when placed in top-to-bottom
relation and considered conjointly, comprise a highly
diagrammatic block-and-line drawing, somewhat simi-
lar to FIGS. 14a through 144, but, in considerably less
detail and with parts removed for purposes of clarity,
here showing a Vector Image Processor (“VIP”) em-
bodying features of the invention and employing n pro-
cessor elements—f{or example, eight (8) processor ele-
ments PE,-PEj as shown in FIG. 15—and the intercon-
nections employed in an exemplary form of the inven-
tion suitable for providing north and south border in-

~ puts to respective ones of the northernmost and south-

__ ernmost processor elements from respective ones of the
" southernmost and northernmost rows of PIXELS in the

neighboring north and south PIXEL strips, respec-
tively; and,

FIGS. 17a and 17, when placed in side-by-side rela-
tion and considered conjointly, comprise a highly dia-
grammatic three-dimensional block-and-line drawing

~ somewhat similar to FIG. 1, but here illustrating a plu-
© rality of Vector Image Processors (“VIPs”) embodying

‘ilj""features of the present invention configured in exter-

A

" nally pipelined format.

While the invention is susceptible of various modifi-

cations and alternative forms, specific embodiments

thereof have been shown by way of example in the
drawings and will herein be described in detail. It
should be understood, however, that it is not intended
to limit the invention to the particular forms disclosed:
but, on the contrary, the intention is to cover all modifi-
cations, equivalents and alternatives falling within the
spirit and scope of the invention as expressed in the
appended claims.

DETAILED DESCRIPTION

Before turning to the drawings and to a detailed de-
scription of the invention and a typical environment
within which it fines particularly advantageous applica-
tion, and in an effort to facilitate an understanding of the
ensuing description, it should be noted than an exem-
plary two-dimensional XY PIXEL image array is com-
monly referred to as having “X” horizontal rows of
PIXEL data disposed in “Y” vertical columns wherein
“X” and “Y” may have any whole integer value—for
example, XY arrays having 8 X8...16X16...32%32
... 96X96...128%X128..., etc. configurations. While
the invention is not, in any sense, limited to any particu-
lar size array, those skilled in the art will appreciate that
typical sensors of the type commonly employed in con-
junction with image processing systems will commonly
output a video image containing a tremendous volume

10

15

20

23

30

33

43

50

55

60

635

12

of digitally encoded binary and/or gray scale data in a
two-dimensional XY PIXEL image array containing,
merely by way of example, from 103 to 107 PIXELS
disposed in horizontal rows and vertical columns. How-
ever, 1t will be understood that references in the ensuing
specification and claims to “row’” and/or “column’ are
not to be considered as limiting but, rather, have been
set out simply to facilitate an understanding of the in-
vention since the Vector Image Processor (“VIP”) of
the invention is equally applicable to processing, in
parallel, horizontal rows of PIXELS in internally pipe-
lined column-by-column form, and to processing, in
parallel, vertical columns of PIXELS in internally pipe-
lined row-by-row form. In the first instance, the Vector
Image Processor of the invention would comprise a
one-dimensional columnar array of parallel processing
elements (“PES”); whereas in the latter instance, it
would comprise a one-dimensional row of parallel pro-
cessing elements (“PES”). Moreover, in either case, the
particular number of processing elements (“PES”) em-
ployed may vary widely dependent namely upon design
and/or cost considerations, operating speed require-
ments, anticipated maximum image size, etc.: and, in-
deed, there may be any desired number of processing
elements ranging from one (1) to one hundred twenty-
eight (128), or even significantly more.

It will also be understood that terms such as top
(“north”), bottom (“south”), left (“west”), and right
(“east”) have been used herein simply for purposes of
facilitating an understanding of the invention: and, such
terms have not been used in a limiting sense.

It will further be understood by those skilled in the
art that the particular TRANSFORM employed—viz.,
a NEIGHBORHOOD TRANSFORM, an ARITH-
METIC TRANSFORM or a LOGIC TRANSFOR-
M—will, for the most part, be quite conventional and
may vary widely dependent upon the particular envi-
ronment within which the invention is employed. Con-
sequently, while exemplary NEIGHBORHOOD
TRANSFORMS for detecting edges and/or sizes of
objects of interest will be described herein in some de-
tail, such description is solely for purposes of facilitating
an understanding of the invention and has been set forth
in the area of neighborhood logic operations as con-
trasted with arithmetic operations (“add”, ‘“‘subtract”,
“muitiply”) and logic operations (AND, OR, XOR)
simply because it is believed that neighborhood logic
operations may not enjoy as widespread familiarity
among persons skilled in the art pertaining to computer
architecture as arithmetic and/or logic operations. Nev-
ertheless, all of such operations and the algorithms for
performing the same are believed to be well known to
persons knowledgeable in the art pertaining to image
processing; and, therefore, will not be exhaustively
described in detail herein.

Those interested in ascertaining further details of
such logic and/or arithmetic image processing opera-
tions and algorithms are referred, for example, to such
discussions as are set forth in the aforesaid articles by:
Herron et al, IEEE TRANSACTIONS ON COM-
PUTERS, Vol. C-31, No. 8, pp. 795-800 (August,
1982); Reeves, SIGNAL PROCESSING, Vol.3, pp.
217-230 (1981); and, White, CONFERENCE: ICASSP
31, PROCEEDINGS OF THE 1981 IEEE INTER-
NATIONAL CONFERENCE ON ACOUSTICS,
SPEECH AND SIGNAL PROCESSING, Atlanta,
Ga. (Mar. 30-Apr. 1, 1981); all of which have been
more fully identified above; as well as the following
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additional articles: Pattern Detection and Recognition,
Unger, PROCEEDINGS OF THE IRE, p. 737 (1959);
Feature Extraction, Goley, and Hexagonal Pattern
Transformers, Preston, Jr., IEEE TRANSACTIONS
ON COMPUTERS, Vol. C-20, No. 9 (September, 5
1971); The Texture Analyzer, JOURNAL OF MICROS-
COPY, Vol. 95, Part 11, pp. 349-356 (April, 1972); Ran-
dom Sets And Integral Geometry, G. Matheron, Wiley
(1975); Integral Geometry As A Tool In Pattern Percep-
tion, Albert B. J. Novikoff, PRINCIPLES OF SELF-
ORGANIZATION, edited by Von Foerstn and Zopf,
Pergamon Press (1962); and Stereology And Structuring
Elements, JOURNAL OF MICROSCOPY, Vol. 95,
Part I, pp. 93-103 (February, 1972). Reference may also
be had to the descriptions set forth in the aforesaid U.S.
Pat. Nos. 4,060,713—M. J. E. Golay; 4,224,600—Sell-
ner; 4,167,728—Sternberg; and, 4,174,514—Sternberg.
It will be understood that the foregoing bibliography of
articles and patents is by no means exhaustive.

Finally, to facilitate readibility of the ensuing descrip-
tion, reference will hereinafter be made to the following
acronyms which are, or will be, quite familiar to per-
sons skilled in computer architecture and/or image
processing techniques:

ALU—an arithmetic logic unit; |

AU-—an arithmetic unit—e.g., an adder/subtractor/-
multiplier;

BAP—a binary array processor—either fully or locally
parallel;

CPU-—a central processing unit;

EPROM-—an erasable programmable read only mem-
ory;

FLIR—a forward looking infra-red sensor;

IC—an integrated circuit;

LU—a logic unit—e.g., a Boolean logic device;

NFU—a neighborhood functional unit;

PE—a processing element;

PIXEL-—a digitally encoded picture element;

PL.A—a programmable-logic array:

PROM—a programmable read only memory;

RAM—a random access memory; |

ROM—a read only memory;

SAR-—a synthetic aperture radar sensor:

SIMD-—a single instruction multiple data processor;

SLA—a storage logic array; and,

VIP—a Vector Image Processor embodying features of
the present invention.

A. The Environment Of The Invention

Turning now to the drawings, there has been illus-
trated in FIG. 1, in highly diagrammatic, block-and-line
form, an exemplary image processing system, generally
indicated at 20, comprising a Sensor 21, a video image
buffer Memory 22 for recetving digitally encoded bi-
nary and/or gray scale image representative PIXEL
data from the Sensor 21; and, a one-dimensional image
processor, here a VIP 24 embodying features of the
invention for processing, in internally pipelined co-
lumn-by-column format, the “X” rows of PIXEL data
output from the Memory 22 in the form of a two-dimen-
sional XY PIXEL image array which is here generally
tllustrated in highly diagrammatic, pictorially imagi-
nary form at 25. In the exemplary image processing
system 20 shown in FIG. 1, the two-dimensional XY
PIXEL image array comprises a 16 X 16 array having
sixteen (16) horizontal “X” rows of PIXELS labelled as
rows “A” through “P” from north to south, and sixteen
(16) vertical “Y” columns of PIXELS labelled as col-
umns “0” through “15” from west to east. As shown,
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the processed data is output from the VIP in parallel
row format and sequentially in internally pipelined co-
lumn-by-column format and is fed to the image buffer
Memory 22 via a VIP output signal three-state bus 26.

As 18 quite conventional with the illustrative type of
Image processing system 20 here shown—except, of
course, for the inclusion of the exemplary VIP 24 em-
bodying the invention—the system 20 may include one
or more peripherals 28 such, for example, as a Console
284a, a Display 286 and/or a Disk Memory 28¢, all under
the control of a host CPU 29 which provides control

signals via bus 30 to the Sensor 21, peripherals 28q, 285
and/or 28¢, and a Sequencer 31. In the illustrative image

processing system 20, Sequencer 31 provides control
signals for the image buffer Memory 22 and the VIP 24
under the control of CPU 29 via signal bus 32; it being
understood by those skilled in the art that the particular
control, clock and similar signals, and the timing
thereof, will vary widely dependent upon the environ-
ment within which the image processing system 20 is to
be employed and the particular operational instructions
desired by the user/programmer; and, since such con-
trol, clock and similar signals, as well as the program-
ming thereof, are completely conventional and form no
part of the present invention except for enabling the
continuous operational mode whereby the digitally
encoded data 1s shifted through the system and pro-
cessed, they will not be further detailed herein. Finally,
the exemplary image processing system 20 includes a
three-state Memory bus 34 which serves to provide
data/communication paths coupling the image buffer
Memory 22, one or more peripherals 28¢-28¢, and CPU
29 together.

In the exemplary image processing system 20 illus-
trated environmentally in FIG. 1, it will be understood
that the particular details of the Sensor 21 are not criti-
cal to the present invention and will vary widely depen-
dent upon the particular field and environment within
which the system 20 is employed. Thus, the Sensor 21
may comprise a FLIR, an imaging infra-red (IR) sensor,
a sonic or laser radar, a SAR, a TV sensor, or any simi-
lar sensor characterized by its ability to output a video
image on a real ttme basis and in the form of digitally
encoded PIXEL data in a two-dimensional PIXEL
image array 25. And, as previously indicated, such sen-
sors will typically output a two-dimensional XY
PIXEL image array containing on the order of from
10° to 107 discrete PIXEL.S. Similarly, the image buffer
Memory 22, peripherals 28, CPU 29 and Sequencer 31
are entirely conventional in construction and mode of
operation and may be programmed as required and/or
desired to meet the various operational parameters and
objectives set for the image processing system 20. Ac-
cordingly, such components are not described in
greater detail in the ensuing description.

B. Image Arrays/Neighborhoods/TRANSFORMS
General Information

Referring now to FIG. 2, there has been illustrated, in
pictorially imaginary form, a fragmentary portion of a
typical two-dimensional XY PIXEL image array 25
here comprising fragmentary portions of vertical col-
umns 1dentified as “0’ through “5” and horizontal rows
identified as “A” through “F”. Thus, any given PIXEL
may be identified by its “X” and “Y” coordinate ad-
dresses, thereby enabling entry into, storage within,
and/or withdrawal from comparable address positions
in Memory 22 (FIG. 1). As shown in FIG. 2, the illus-
trative PIXELS describe a series of overlapping AB
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neighborhoods—for example, the 3 X3 neighborhood
35a circumscribed by the relatively heavy solid line
surrounding PIXEL locations (0,A) through (2,A),
(0,B) through (2,B), and (0,C) through (2,C); and, the
overlapping 3X3 neighborhood 355 circumscribed by
the broken line surrounding PIXEL locations (0,B)
through (2,B), (0,C), through (2,C), and (0,D) through
(2,D). In like manner, other overlapping 3 X 3 neighbor-
hoods (not shown) can be readily defined by any se-
lected group of nine (9) neighboring PIXELS located at
the intersections of any three adjacent vertical columns
and any three adjacent intersecting horizontal rows.

It has been found that for most special purpose image
processing applications, it is highly advantageous to
employ 3 X3 neighborhoods since PES embodying the
invention can be readily implemented with a single data
input terminal, six (6) neighbor input terminals (the two
additional neighbor input terminals being derived from
the data input terminal), six (6) neighbor output termi-
nals, and a single data output terminal together with the
necessary control and clock terminals; thereby enabling
implementation of up to on the order of sixty-four (64)
or more PES on a single IC. However, as will become
apparent as the ensuing description proceeds, the inven-
tion is not limited to use with 3 X3 PIXEL neighbor-
hoods, but, rather, it can be employed with Golay Sur-
rounds—a seven (7) PIXEL neighborhood wherein
each PIXEL of interest has six (6) immediate neighbors;

2X2 neighborhoods; 5X5 neighborhoods; etc. Of

“~course, as the neighborhoods increase in size, considera-
*bly more interconnections are required since each
--PIXEL of interest has considerably more neighbors—-
~for example, in a 5X5 neighborhood, the centermost
PIXEL of interest has twenty four (24) neighbors, thus
significantly increasing the number of PE interconnec-
tions required.
As 1s conventional with SIMD image processors
1ncluding BAPs (both fully parailel and locally parallel)
-and/or Pipelined Processors, the PIXEL data may be

- .digitally encoded binary and/or gray scale data—in-

--deed, the VIP 24 (FI1G. 1) of the present invention can

“function equally well with either and/or both types of

digitally encoded bits. However, for many spatial filter-
ing operations and the like, it may be preferable to work
with digitally encoded binary data having, or thre-
sholded to have, a binary value of “0” (“False”) or “1”
(“True”). For example, in edge or boundary detection
with respect to objects, or “Blobs”, of interest, the pres-

ence of a binary “0” value is indicative of the absence of

a Blob of interest; whereas the presence of a binary “1”
value is indicative of the presence of a Blob of interest.
Considering, for example, the 3 X3 neighborhood 354
shown in FIG. 2, and assuming that the nine (9) PIX-
ELS defining such neighborhood have, or have been
thresholded to have, binary values of “0” or “1” as

shown in FIG. 3, then it will be observed that a Blob of

Interest—i.e., as indicated by binary values of “1”’—ap-
pears at PIXEL locations (2,B), (1,C) and (2,C), while
all other PIXELS in the 3 X3 neighborhood 354 have
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binary values of “0” indicating the absence of a Blob of 60

interest. Thus, the presence of PIXELS (0,A) through
(2,A) having binary values of “0” in row “A” will pro-
vide neighbor data for the associated PE (not shown in
FIG. 3) indicative that row “A” defines the north
boundary or border of the object within that 3X%3
neighborhood, such object being defined by PIXEL
locations (2,B), (1,C) and (2,C). Similarly, the presence
of PIXELS having binary values of “0” at all PIXEL
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locations in column “0” provides neighbor data for the
associated PE indicating that column “0” defines the
west border or boundary of the object within that 3x 3
neighborhood. The algorithms for enabling the forego-
ing edge detection computations are completely con-
ventional and well known to persons skilled in the art:
and, therefore, will not be described herein.

Turning next to FIG. 4, there has been illustrated a
conventional PIXEL neighborhood, generally indi-
cated at 36, more commonly known in the art as a
“Golay Surround”. See, e.g., U.S. Pat. No. 4,060,713
issued to M. J. E. Golay for a more complete descrip-
tion of NEIGHBORHOOD TRANSFORMS involv-
ing the use of Golay Surrounds. Suffice it to say that a
typical Golay Surround 36 is defined by a centermost
PIXEL of interest surrounded by six (6) PIXELS con-
figured in an hexagonal array—i.e., the neighborhood
J6 comprises a total of seven (7) PIXELS. As will be
more clearly evident upon inspection of FIG. 5, a frag-
mentary portion of a PIXEL image array 25’ has been
illustrated wherein the array is defined by a plurality of
overlapping Golay Surround neighborhoods, three of
which are shown at 36a, 365, and 36¢. For purposes of
the present invention, the PIXEL image array 25'
shown in FIG. 5§ may be considered the full equivalent
of the rectilinear two-dimensional XY PIXEL image
array 25 depicted in FIGS. 1 and 2; and, it may be pro-
cessed by the VIP 24 (FIG. 24) of the present invention
in the same fashion as the PIXEL image array 25. Thus,
the PIXEL image array 25’ depicted fragmentarily in
FIG. 4 1s defined by discrete PIXELS located at the
intersections of parallel, linear, horizontal rows “A”
through “D” and parallel, saw-tooth-shaped, vertical
columns “0” through “4”; and, therefore, the array 25’
also comprises a two-dimensional XY PIXEL image
array.

To further facilitate an understanding of the present
invention, it will be understood by those skilled in the
art that the image processor employed—here a VIP 24
(FIG. 1) embodying the invention—does not necessar-
ily have to be configured to have a PE for each and
every row in a typical two-dimensional XY PIXEL
image array. For example, and as best shown in FIG. 6,
a given two-dimensional XY PIXEL image array 38
can be processed by sequentially scanning discrete adja-
cent strips of PIXELS wherein each strip consists of n
rows of PIXELS (where “n” is equal to the number of
PES in the VIP—not shown in FIG. 6—and, wherein
“n’’ may be equal to any desired whole integer). Thus,
the exemplary XY PIXEL image array 38 depicted in
FIG. 6 comprises a 32X 32 array consisting of four (4)
adjacent horizontal strips 38a, 385, 38c and 384 with
each strip being 8 X 32. This illustrative form of PIXEL
image array assumes, therefore, that the VIP to be em-
ployed will comprise a one-dimensional columnar pro-
cessor including eight (8) parallel PES together with
associated north and south Memories for inputting
north and south border data enabling the equipment to
carry out NEIGHBORHOOD TRANSFORMS on the
northernmost and southernmost rows of PIXELS in
each such strip.

Thus, when processing the illustrative 32X 32 array
38 shown in FIG. 6, the PIXEL data contained in the
eight (8) rows of PIXELS defining the northernmost
strip 38a will be fed to, and shifted relatively through, a
one-dimensional VIP (not shown) embodying the fea-
tures of the invention having north and south border
Memories and eight (8) parallel PES, with the VIP
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scanning and analyzing the PIXELS contained within
the strip 38a from edge-to-edge (e.g., from west-to-east)
followed by sequential edge-to-edge scanning of the
eight (8) rows of PIXEL data contained within each of
strips 386, 38¢ and 384d. A first processing operation
programmed into the VIP might, for example, comprise
a rapid scan of the overall XY PIXEL image array 38 in
strip-by-strip internally pipelined format to locate areas
and/or objects of interest, followed by a second, and
perhaps one or more additional, processing operation(s)
In a localized area where an object of interest has been

5

10

detected, here shown as an 8 X N patch 39 located cen-

trally within strip 385. It will be appreciated as the
ensuing description proceeds that when the VIP 24
(FIG. 1) comprises a one-dimensional processor having

sixteen (16) parallel PES, the 32X 32 array 38 shown in -

FIG. 6 would consist of only two (2) strips, each
16 X 32. Similarly, if the VIP 24 includes only four (4)
PES arranged in a one-dimensional columnar array,
then the image array 38 depicted in FIG. 6 would be
defined by eight (8) adjacent 4 x 32 strips.

As previously indicated, the various ARITHMETIC
TRANSFORMS and LOGIC TRANSFORMS (such
as Boolean logic operations) employed in image pro-
cessing techniques are completely conventional and
well known to persons skilled in the art; and, therefore,
they will not be further described herein. However,
while NEIGHBORHOOD TRANSFORMS are also
generally known in the art, they are believed to be less
widely understood—albeit, that they have been de-
scribed in some detail in, for example, the aforesaid U.S.
Pat. No. 4,060,713 issued to M. J. E. Golay, the afore-
said Sternberg patents, and numerous of the aforesaid
literature references, to name but a few of available
published TRANSFORM descriptions. Therefore, to
msure that NEIGHBORHOOD TRANSFORM opera-
tions of the type referred to in the present detailed de-
scription will have real meaning to the leader, one typi-
cal NEIGHBORHOOD TRANSFORM that can be
performed will be described hereinbelow—viz., a spa-
tial filtering termed “contraction” or “erosion” as might
be employed to determine the size of an object or Blob
of interest.

Thus, referring to FIG. 7, there has been illustrated,
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in pictorially imaginary form, a fragmentary portion of 45

a two-dimensional XY PIXEL image array 25 contain-
ing a plurality of PIXELS disposed in horizontal rows
and vertical columns wherein the PIXELS have, or
have been thresholded to have, binary values of *“0”
(“False”) or “1” (“True”). As here shown by way of
example, it will be noted that forty-one (41) of the cen-
trally located PIXELS, here respectively numbered “1”
through “41”, define a Blob 40 or object of intere-
st—i.e., these forty-one (41) numbered PIXELS have
binary values of “1”, while all other surrounding PIX-
ELS have binary values of “0” indicative of the absence
of significant object data. It will further be assumed that
the image processing system 20 (FIG. 1) has been pro-
grammed such that once a Blob of interest—e.g. Blob
40—has been detected, at least one ensuing processing
operation will be to determine the size of the Blob. To
accomplish this, each PIXEL of interest within the
horizontal and vertical boundaries of the Blob 40 is
processed or analyzed based upon its relation with its
neighboring PIXELS. Thus, as shown in FIG. 8, each
PIXEL of interest to be processed is identified as “E”
~ and its relation to each of the eight (8) neighboring
PIXELS “A” through “D” and “F” through “I” is
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determined in accordance with algorithms for detecting
the size of the Blob 40. One such algorithm—uviz., an
“eroston” or ‘“‘contraction” algorithm for determining
the height of the Blob 40—has been pictorially illus-
trated in FIGS. 9¢ and 96 where the PIXEL E of inter-
est 1s shown as being located adjacent the north bound-
ary in FIG. 9a as indicated by the binary value “0” in
the three north neighbors and as being located adjacent
the south boundary in FIG. 94 as indicated by the bi-
nary value “0” in the three south neighbors, it being
understood that the values “X” are “I don’t cares”. The
height detection or “horizontal erosion” algorithm pic-
torially depicted in FIGS. 9a and 95 can be expressed as
follows:.

E=ABC+GHI [EQ. 1]
and, 18 designed to cause the Blob 40 to undergo a series
of contractions which will eventually cause the Blob 40
to disappear; with the number of contractions or Steps
required to make the Blob disappear providing an indi-
cation of the size of the Blob.

Smaller objects or Blobs will, of course, disappear
betfore larger objects or Blobs and, consequently, when
the size of any given Blob is known, the contraction
process can be halted before the Blob of interest disap-
pears, at which point smaller Blobs will have already
disappeared; and, the Blob of interest can then again be
enlarged through a series of “expansion” or “dilation”
steps (not described herein, but which are completely
conventional) to restore the Blob of interest to its origi-
nal size and, if desired, the Blob can be restored, at least
approximately, to a shape similar to its original shape by
“masking”—i.e., ANDing—the processed Blob with
the original Blob. However, the smaller objects will not
be restored since they have been removed from the
image.

Thus, in processing the Blob 40 depicted in FIG. 7 in
accordance with the algorithm of Equation I and as
depicted 1in FIGS. 9a and 95, the first Step as shown by
comparison of FIGS. 7 and 10a results in elimination of
those PIXELS numbered “1” through “5”, “12” and
“13” adjacent the upper or northern boundary (FIGS. 7
and 9a) and those PIXELS numbered “14”, “217, “22”,
“39”, “40” and “41” adjacent the lower or southern
boundary (FIGS. 7 and 9b), since, in each instance, the
eliminated PIXEL is bounded by three northern or
three southern neighbors having binary values of “0”
(*False’). Similarly, during Step 2 (Cf., FIGS. 10g and
105), those PIXELS numbered “6” through “11” are
eliminated by virtue of the fact that their northern
boundary neighbors have binary values of “0”; and,
PIXELS “36” through “38” are eliminated by virtue of
the fact that their three southern neighbors also have
binary values of “0”. In Step 3 (Cf., FIGS. 106 and 10¢),
the upper boundary portion of the “horizontal erosion”
algorithm (FIG. 9q) serves to eliminate PIXELS “15”
through “20”, while the lower boundary portion of the
algorithm (FIG. 956) serves to eliminate PIXELS 32"
through “35”, Finally, in Step 4 (not shown), the “hori-
zontal erosion” algorithm of Equation I and FIGS. 94
and 96 serves to eliminate all remaining PIXELS num-
bered “23” through “31”, Thus, the entire “contrac-
tion” or “horizontal erosion” process defined by the
algorithm of Equation I requires four (4) Steps in the
exemplary instance, with each Step removing all PIX-
ELS in the north and south rows of the Blob 40 having
three northern or southern neighbors with binary values
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of “0”, thereby establishing that the height of the origi-

nal Blob 40 is eight (8) PIXELS—i.e., four Steps Xtwo

PIXEL rows/Step.

To determine the width of the Blob 40, a similar
“contraction” process known as ‘““vertical erosion” is
performed; and, the algorithm for this operation is pic-
torially illustrated in FIGS. 11¢ and 115 and is defined
by the following equation:

E=ADG+CFI [EQ. II]
Thus, as shown in FIG. 11q, the “vertical erosion”
algorithm of Equation II serves to eliminate the left or
westernmost PIXELS whose neighboring boundary
PIXELS have binary values of “0’; and, as shown in
FIG. 115, those right or easterly PIXELS having neigh-
bors with binary values of “0” will be eliminated. Thus,
in Step 1 (Cf., FIGS. 7 and 124a) the westerly PIXELS
57, 147, #2277, “36” and “40” and the easterly PIX-
ELS “137, “22, “317, “35” and “39” are eliminated; in
Step 2 (Cf., FIGS. 12ag and 12b) the westerly PIXELS
“67, “15”, “32” and *“41” and the easterly PIXELS
“127, 217, 307, “34” and *““38” are eliminated; in Step
3 (Cf.,, FIGS. 12b and 12¢) the westerly PIXELS “1”,
“77, “167, “23” and “37” and the easterly PIXELS
“117, %207, ““33” and *“37” are eliminated; and, in Step 4
(Cf,, FIGS. 12¢ and 124) the westerly PIXELS “2”,
“87, “177, “24” and “28” and the easterly PIXELS ‘4,
. “107, “19” and *“26” are eliminated; thus leaving only a
single vertical column containing PIXELS “3”, “9”,
%187, %25 and “29”, Such remaining PIXELS are elim-
. inated during Step 5 (not illustrated) by that portion of
~ the “vertical erosion” algorithm pictorially illustrated
in FIG. 11a; and, consequently, the successive Steps of
the algorithm as set forth in Equation II and FIGS. 114
and 115 are indicative of a Blob 40 having an original
~ width of nine (9) PIXELS.

-~ Knowing that the Blob 40 of FIG. 7 has a height of
-+ elght (8) PIXELS and a width of nine (9) PIXELS, the
_Image processing system 20 (FIG. 1) is now capable of
~proceeding with any additional desired computational
processing operation. For example, the image can be
again “contracted” or “eroded” to eliminate all objects
having a height less than eight (8) PIXELS and all
objects having a width less than nine (9) PIXELS:; and,
thereafter, it can be “expanded” or “dilated” to its origi-
nal size (and, if desired, to a shape approximating its
original shape) so as to eliminate from the image all

objects smaller than Blob 490.

VECTOR IMAGE PROCESSOR AND METHOD
OF PROCESSING IN ACCORDANCE WITH THE
INVENTION

In accordance with the present invention, methods
and apparatus in the form of a special purpose Vector
Image Processing System are provided wherein the
VIP 24 (FIG. 1) or the modified VIP shown generally
at 41 in FIG. 13 comprise a one-dimensional columnar
array of n PES (where “n” can be any whole integer;
and, where the PES are disposed in parallel in those
instances where “n” is “2” or more) and wherein n rows
of PIXEL data contained within a two-dimensional XY
PIXEL image array—e.g., the array 25 shown by way
of example in FIG. 1—are fed to, and relatively shifted
through, the VIP 24 (or the VIP 41) which serves to
process each PIXEL of interest in internally pipelined
column-by-column form and, in those instances where

3

10

15

20

235

30

35

40

45

ll

33

63

20
“n” i1s greater than “1”, wherein the “n” PIXELS in
each column are processed in parallel.

C. Single PE VIP Embodiment

To this end, and as best illustrated by reference to
FIG. 13, a modified form of VIP, generally indicated at
41, has been shown as comprising a single processing
element PE wherein all hardware components and in-
terconnections are implemented on a single IC. As here
shown, the processing element PE is fed with digitally
encoded data originally derived from a Sensor 21 and
stored in Memories 22N, 22P and 22S (i.e., specific
Memory locations in the image buffer Memory 22
shown in block form in FIG. 1) at address positions
corresponding to the XY address positions of the two
dimensional XY PIXEL image array—e.g., the array 25
of FIG. 1. Data contained within the Memories 22N,
22P and 228 1s, upon command by the Sequencer (not
shown in FIG. 13, but identical to the Sequencer 31
depicted in FIG. 1) under the control of a host CPU 29,
shifted in parallel and in internally pipelined column-by-
column form through three parallel sets of cascaded
latches N—, N, N+), (P—, P, P+) and (S—, S, S+)
which form part of the exemplary processing element
PE. It will be understood by those skilled in the art that
such latches may simply take the form of shift register
stages of D-type flip flops of completely conventional
construction and which need not be further described in
detail herein.

Assuming, for example, that the VIP 41 of FIG. 13 is
being used to process the 16 X 16 PIXEL image array 25
as shown in FIG. 1, and assuming further that the VIP
41 scans the rows of PIXELS sequentially from west to
east within each row and scans the rows sequentially
from north to south with such sixteen rows hereinbelow
being termed rows “A” through “P”, then during scan-
ning of row “A”—viz., the northernmost row of PIX-
EL.S—the digitally encoded bits corresponding to the
sixteen (16) PIXELS contained within row “A” will be
stored in the Memory 22P associated therewith: the
digitally encoded bits corresponding to the sixteen (16)
PIXELS contained within the adjacent southerly row
“B” will be stored in the south Memory 22S; and, digi-
tally encoded bits representative of the north boundary
(not shown) of the PIXEL image array 25 in FIG. 1 will
be stored in north Memory 22N. In addition, although
not shown in FIG. 1 or 13, it will be understood by
those skilled in the art that memory locations will be
provided in Memory 22 (FIG. 1) for storage of digitally
encoded data bits representative of the east, west and
south boundaries of the two-dimensional XY PIXEL
image array 25.

Thus, the arrangement is such that the VIP 41 (FIG.
13) 1s configured to process the digitally encoded
PIXEL data in the two-dimensinoal XY PIXEL image
array—e.g., the array 25 of FIG. 13—on a PIXEL-by-
PIXEL basis commencing with row “A’ and sequen-
tially proceeding through rows “B” through “n” (in
FIG. 1, row “n” 1s row “P”). To this end, upon the first
shift command emanating from the Sequencer 31 (FIG.
1), digitally encoded data is shifted from the Memories
22N, 22P and 22S into respective ones of the latches
N—, P— and S—; and, such data is representative of the
western boundary of the image—i.e., the contents of
latch N— will be data representative of the western
edge of the northern boundary; and, the contents of
latches P— and S— will be the data representative of
the western boundaries of rows “A” and “B” respec-
tively. Upon the second shift command, the data stored
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in latches N—, P— and S~ is shifted, in parallel, into
respective ones of latches N, P and S; while digitally
encoded data representative of the north boundary of
the westernmost column—e.g., column 0" (FIG.
1)—in the two-dimensional XY PIXEL image array is
shifted into latch N —, and digitally encoded data repre-
sentative of the westernmost column “0” PIXELS in
rows “A’” and “B” is respectfully shifted into latches
P— and S—. Upon the third shift command emanating
from the Sequencer 31 (FIG. 1): the data stored in
latches N, P and S is respectively shifted to the N+,
P+ and S+ latches; data in the N—, P— and S—
latches is respectively shifted into the N, P and S
latches; and, data representative of the north boundary
and second most westerly column—e.g., column “1”’
(FIG. 1)—of PIXELS in row “A” and “B” is respec-
tively shifted into latches N—, P— and S—.
- The processing element PE is now enabled by the
Sequencer 31 under control of the CPU 29 (FI1G. 1) for
conducting its first NEIGHBORHOOD, ARITHME-
TIC or LOGIC TRANSFORM through suitable con-
trol enable signals shown only diagrammatically in
FIG. 1—i1t being understood, of course, that the pro-
cessing element PE could also have been enabled by the
Sequencer 31 to perform an ARITHMETIC or LOGIC
TRANSFORM in the interval between the second and
third shift commands. Assuming, for example, that a
NEIGHBORHOOD TRANSFORM is to be con-
ducted, and recognizing that the westernmost PIXEL
of the northernmost row in the two-dimensional XY
PIXEL image array of FIG. 1—viz., PIXEL (0,A)—is
now stored in latch P, it will be appreciated that data
representative of the eight neighboring PIXEL posi-
tions are stored in latches N—, N, N+, P—, P4, S—,
S and S+-; and, all such data is input to the correspond-
ingly labeled terminals of an NFU 42 mounted on pro-
cessing element PE.

Those skilled in the art will appreciate that the partic-
‘ular design of the NFU 42 can vary widely dependent
upon the type(s) of NEIGHBORHOOD TRANS-
FORM(S) to be performed; and, the particular logic
circuits and/or designs employed are not critical to the
present invention. Thus, the NFU 42 may comprise, for
example: (1) a logic network of gates such as NAND,
OR or AND gates or the like; (ii) look-up tables in the
form of PLAs or SLAsS; (iii) a ROM; (iv) a PROM; (v)
an EPROM; etc.; and, since such logic devices are well
known to persons skilled in the art, they are not de-
scribed in detail herein. However, regardless of the
specific logic circuitry employed, upon completion of
the selected preprogrammed NEIGHBORHOOD
TRANSFORM, the NFU 42 provides an output signal
which is fed via three-state bus 26 to the input for Mem-
ory 22P in readiness for the next computational process-
ing operation to be performed on row “A” PIXELS—-
viz., processing of PIXEL (1,A). To accomplish this,
the next shift command emanating from the Sequencer
31 (FIG. 1) serves to shift north boundary data and
PIXEL data for rows “A” and “B” one step to the right
as viewed 1n FIG. 13, thus shifting the digitally encoded
data for PIXEL (1,A) into latch P in readiness for the
next PIXEL processing operation. This cycle is re-
peated until all PIXELS in row “A” have been pro-
cessed 1n internally pipelined fashion; and, thereafter
the VIP 41 is sequenced by Sequencer 31 (FIG. 1) to
sequentially process the PIXELS in all remaining rows
in the PIXEL image array 25 (FIG. 1) in PIXEL-by-
PIXEL internally pipelined fashion.
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Alternatively, if the processing element PE is com-

manded to perform an ARITHMETIC TRANSFORM

—e.g., “add”, “subtract” or “multiply”’—or a LOGIC
TRANSFORM—e.g., AND, OR, XOR—suitable com-

mand input signals from the Sequencer 31 (FIG. 1) are

provided so that the digitally encoded data in latch P—
and latch P (the latter containing the PIXEL data of
interest) is fed to an appropriate logic unit, herein illus-
tratively depicted as an ALU 44, which may include a
suitable “carry” or “borrow” register 45 in the form of
a D-type flip flop or the like. Once again, such ALUs
are completely conventional and may be implemented
in a wide variety of ways including suitable gates,
ROMs or the like; and, the particular constructional
details are not critical to the invention and can, and will,
vary dependent solely upon the arithmetic or logic
operations which they have been designed to perform.
Upon completion of its computational operation, the
ALU 44 provides an output signal which is again fed
over the three-state bus 26 to the input of Memory 22P;
and, thereafter, the VIP 41 is sequenced in precisely the
manner described above for NEIGHBORHOOQOD
TRANSFORMS. .

It will be observed upon inspection of FIG. 13 that
each of the Memories 22N, 22P and 22S includes a pair
of parallel RAMS—viz., Memory 22N includes RAM
1y and RAM 2xn; Memory 22P includes RAM 1p and
RAM 2p; and Memory 22S includes RAM 1sand RAM
2s. As a consequence of this optional construction, the
operational speed of the VIP 41 is effectively doubled
since data may be “read into” one RAM in each pair
while data is simultaneously being “read out” of the
other RAM in each pair.

Thus, it will be appreciated that the particular em-
bodiment of the VIP 41 depicted in FIG. 13 provides an
extremely simple vector image processing device in-
cluding a one-dimensional processing element PE for
processing one PIXEL at a time; wherein all of the

'PIXELS within a given two-dimensional XY PIXEL

image array are sequentially processed in internally
pipelined format; and, wherein provision is made for
Inputting data representative of the north, south, east
and west boundaries of the image so that neighborhood
operations can be performed with regard to each and
every PIXEL, including those located at the boundaries
of the two-dimensional XY PIXEL image array.

D. Parallel PE VIP Embodiment

While the single PE VIP 41 illustrated in FIG. 13 and
described above comprises an operational special pur-
pose 1mage processing system suitable for use in certain
highly specialized applications—e.g., with relatively
small sized two-dimensional PIXEL image arrays—for
most 1mage processing applications employing typical
two-dimensional PIXEL image arrays having on the
order of from 103 to 107 PIXELS, the specific VIP
embodiment of FIG. 13 does not present a practical
approach to image processing on a real time basis. How-
ever, the general conceptual approach included in the
processing system shown by way of example in FIG. 13
1s equally applicable to special purpose image process-
Ing systems for processing such relatively large two-di-
mensional XY PIXEL image arrays on a high speed real
time basis provided only that the VIP is configured to
process digitally encoded PIXEL image data in a plu-
rality of rows on a simultaneous parallel, but internally
pipelined, basis. |

To this end, and in accordance with one of the more
general important aspects of the invention, a Vector
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Image Processing System including a VIP 24 of the

type shown in FIG. 1 is provided with a plurality of
identical PES oriented in a one-dimensional columnar
parallel array with each PE characterized by its ability
to process a single PIXEL at a time and multiple PIX-
ELS in a given row of PIXELS in internally pipelined
format; yet, wherein each PIXEL may be analyzed
utilizing a NEIGHBORHOOD TRANSFORM includ-
ing neighborhood relations between the particular
PIXEL undergoing analysis and all of its neighbors in a
given two-dimensional AB neighborhood array. To
accomplish this, and as best illustrated by reference to
FIGS. 14a through 144 when placed in side-by-side
relation (FIGS. 14a and 1454; and, FIGS. 14¢ and 144)
and in top-to-bottom relation (FIGS. 14a and 14¢; and,
FIGS. 145 and 14d) and considered conjointly, an
image processing system 20 of the type illustrated in
FIG. 1 in block-and-line form has been depicted in
considerably greater detail. As here shown, the image
processing system 20 includes a Sensor 21 (FIG. 14c¢)
for detecting and inputting digitally encoded data via
input lines 46, through 46, to an image buffer Memory
22 (FIGS. 144, 14¢) containing parallel memory devices
22, through 22, which respectively output such data, on
command by a Sequencer 31 under the control of a host
CPU 29 (FIG. 14¢), to respective ones of a plurality of
identical processing elements PE, through PE, (FIGS.

-14¢ and 14d). For purposes of understanding the inven-

~_-tion, it will be understood that the flow of digitally
:-encoded data from the Sensor 21 through any given one

.-of the Memories 22a through 22, and its associated

processing element—e.g., the associated one of process-

1ng elements PE, through PE,—is identical: and, there-

fore, an operational description of one such data flow
path should suffice for an understanding of the overall

- system 20. Accordingly, the ensuing description will,
.. for the most part, be confined to the flow of digitally

. -encoded data from Sensor 21 (FIG. 14¢) over input line
=40, (FIGS. 14¢ and 144) to Memory 22, (FIGS. 14q)
-and, thereafter, through processing element PE. (FIG.

14b).

Thus, images sensed by the Sensor 21 (FIG. 14c¢) are
converted by the Sensor—which, in some instances
(e.g., an RS-170 T.V. camera) would employ interven-
Ing external digitizers and image format converters (i.e.,
raster to column of “N”’)—to digitally encoded PIXEL
data and output from the Sensor via output lines 46,
through 46, in the form of a two-dimensional XY
PIXEL image array (such, for example, as the array 25
shown in FIG. 1) which is input to XY address locations
in Memory 22—e.g., PIXELS in rows “A”, “B” and
“C” are input to respective ones of Memories 22,, 22,
22; (FIG. 144a), and PIXELS in rows “D” and “E”
through “n” (where “n” is row “H” in an 8 X8 array,
and row “P” in a 16X 16 array, etc.) are input to respec-
tive ones of Memories 22, through 22, (FIG. 14¢). Con-
sidering data input to Memory 22, in the exemplary
form of the invention here illustrated, such data is input
to proper “Y” address locations—e.g., “Y” equal “1” .

.. Y equals “n”—in one of a pair of parallel RAMs—-

viz., RAM 1¢c or RAM 2c—dependent upon which of
the two RAMs has been enabled by Sequencer 31 to
receive data input. That is, Memory 22¢ is configured
such that digitally encoded data is being “read into” one
of RAM 1¢ and RAM 2¢ while previously “read in”

data is being simultaneously “read out” of the other of
the two RAM:s.
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The arrangement is such that upon emanation of the
first shift command from Sequencer 31 (FIG. 14¢), data
stored in the memory addresses in Memories 22a
through 22,, including data stored in the Memory 22
(FIG. 1) representative of northern, western and south-
ern boundary data, is simultaneously shifted, in parallel,
into respective ones of the first stage latches in each of
the processing elements PE, through PE,—i.e., digi-
tally encoded western boundary data for rows “B” and
“C” of the PIXEL image array 25 (FIG. 1) is shifted
into respective ones of latches B1 and C1 (FIG. 14b),
and western boundary data for row “D” is shifted into
latch D1 (FIG. 144). Upon the second shift command
from Sequencer 31, the data stored in latches B1, C1
and D1 is respectively shifted into latches B2, C2 and
D2; while, at the same time, digitally encoded data
representative of the PIXELS (0,B), (0,C) and (0,D) in
rows B, C and D of column “0” (FIG. 1) is shifted into
respective ones of latches B1, C1 and D1. At this point,
the system can be enabled by the Sequencer to perform
an ARITHMETIC or LOGIC TRANSFORM (or
other “point-wise” operations which do not require or
employ edge or neighbor data) on column “0” data in
latches B1, C1 and D1 (and, of course, on column *0”
data m latches A1 and E1 through N1). On the third
shift command emanating from Sequencer 31, the con-
tents of latches B2, C2 and D2 are respectively shifted
into latches B3, C3 and D3; the contents of latches B1,
C1 and D1 are respectively shifted into latches B2, C2
and D2; and, PIXEL data representative of PIXELS
(1,B), (1,C) and (1,D) is respectively shifted into latches
B1, C1 and D1. The VIP 24 is now in readiness to con-
duct its first neighborhood processing operation (or a
first or second arithmetic or logic processing operation)
upon command from Sequencer 31 since the data stored
in latches B2, C2 and D2 is the digitally encoded
PIXEL data corresponding to PIXELS (0,B), (0,C) and
(0,D) located in the westernmost column “0” of PIX-
ELS 1n the PIXEL image array 25 (FIG. 1)—it being
understood that the corresponding latches A2 and E2
through N2 (not shown) have also been loaded with
digitally encoded data representative of the remaining
PIXELS in column “0”.

As best shown in FIGS. 146 and 144, it will be noted
that each processing element—e.g., PE;, PE. and PE-
d—includes a neighborhood functional unit NFUj,
NFU.and NFUy, each of which is identical to the NFU
42 previously described in connection with the embodi-
ment of the invention shown in FIG. 13. Similarly, each
processing element also includes an arithmetic logic
unit—e.g., ALUp, ALU,and ALUsz—each of which is
identical to the ALU 44 shown in FIG. 13, with each
logic unit including a “carry” or “borrow” register 45,
45, and 454, respectively. The digitally encoded PIXEL
data stored in, for example, latches C1, C2 and C3 in
processing element PE. is transmitted via lines 48,, 49.
and 50, to respective ones of terminals C1, C2 and C3 in
neighborhood functional unit NFU. and, simulta-
neously, to the correspondingly labelled input terminals
of the north and south neighborhood functional units
NFUp and NFUy, respectively, in the adjacent north
and south processing elements PEyand PE,. That is, the
data 1n latches C1, C2 and C3 not only provides data
input to NFU, in PE, but, additionally, provides south
neighbor inputs to PE, on the north and north neighbor
inputs to PE; on the south. Similarly, the north neigh-
bor data in latches B1, B2 and B3 in processor element
PE, provides north neighbor input via lines 48, 49, and
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50, to terminals B1, B2 and B3 on NFU_ while south
neighbor data in latches D1, D2 and D3 in processor

element PE; provides south neighbor input via lines
484, 49, and 504 to terminals D1, D2 and D3 on NFU..
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being transmitted to any preceding or upstream pipeline
stage.
E. North/South Boundary Data

In the foregoing description of the invention pertain-

At the same time, data stored in latches C1 and C2 is 5 ing to the use of a single PE internally pipelined VIP 41

input via lines 48, and 49, to terminals C1 and C2, re-
spectively, in ALU..

The arrangement is such that upon command from
Sequencer 31 (FIG. 14¢), either NFU,. or ALU, is en-
abled to perform a computational processing opera-
tion—e.g., a NEIGHBORHOOD TRANSFORM by
NFU,; or, either an ARITHMETIC TRANSFORM or
a LOGIC TRANSFORM by ALU—on the data pres-

ent on its respective input terminals; and, the result of
that computational processing operation is transmitted
to Memory 22, via three-state bus 26.. At the same time,
identical computational processing operations are con-
ducted and processed in parallel by each of PE,, PE,
and PE;through PE, with respect to the data stored in
their respective latches and in the latches for their
northern and southern neighbors. On the next shift
command emanating from Sequencer 31, the contents
of all latches are shifted one column to the right as
viewed in the drawings and latches B1, C1 and D1 are
loaded with digitally encoded PIXEL data for PIXELS
(2,B), (2,C) and (2,D). The system is now ready to per-
form a computational processing operation on the new
contents of latches A2 through N2—viz., digitally en-
coded data representative of those PIXELS in n rows of
PIXELS in column *1” (FIG. 1). The foregoing opera-
tional cycle is repeated on an internally pipelined co-
lumn-by-column basis until all PIXELS in the n rows
being processed have been analyzed.

Thus, it will be appremated that the embodlment of
the invention illustrated in FIGS. 14a through 144 per-
mits processing of a two-dimensional XY PIXEL image
array data on a plurality of PIXELS simultaneously and
in parallel—viz., on all PIXELS in a given column for
the n rows undergoing analysis—which all such PIX-
ELS in adjacent columns being processed sequentially
in internally pipelined format; thereby enabling rela-
tively large two-dimensional XY PIXEL image arrays
to be processed on a high speed real time basis while
employing a selected one of a NEIGHBORHQOOD
TRANSFORM, an ARITHMETIC TRANSFORM,
or a LOGIC TRANSFORM.

As will be described in greater detail below, the Vec-
tor Image Processing System shown by way of example
in FIGS. 14a through 144 can also be configured to
permit external pipelining through a plurality of cas-
caded identical VIPs. To enable this, provision is made
for conveying the data output from Memory locations
225, 22. and 22, not only to their respective latches on
associated ones of processor elements PE,; PE. and
PE; in the VIP 24 shown in FIGS. 145 and 144, but,
also, to the inputs of comparable PES in downstream
identical pipelined VIPs (not shown in FIGS. 14¢
through 144, but described below in connection with
FIGS. 17¢ and 17b0). To this end, each Memory
device—e.g., Memory devices 225, 22; and 224 pro-
vided with an output terminal TNs (F1GS. 14¢a, 14d) for the next
stage or adjacent downstream pipelined VIP (not
shown). Similarly, data from the preceding stage or
adjacent upstream pipelined VIP (not shown) may be
accessed at terminal T ps for selective input to Memory
devices 22, 22, and 224. Any suitable and conventional
three-state buffer 51 may be provided to insure that data
In any given stage in the pipeline is prevented from
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of the type shown in FIG. 13, there has been described
in some detail a process and hardware for inputting
neighbor data for each PIXEL being analyzed irrespec-
tive of wehther that neighbor data relates to a neighbor-
ing PIXEL in the two-dimensional XY PIXEL image
array 25 or whether it relates to boundary data indica-
tive of operation on a row or column at the north/south
or east/west boundary of the array. Similarly, a brief
description has been set forth hereinabove with respect
to the treatment of boundary data when the VIP 24
comprises a one-dimensional columnar array of PES
equal in number to the number of horizontal row of
digitally encoded PIXEL data in a two-dimensional XY
PIXEL image array—e.g., the array 25 of FIG. 1. How-
ever, as previously indicated, a VIP embodying features
of the present invention may also be employed to pro-
cess two-dimensional XY PIXEL image arrays which
contain up to a significantly greater number of horizon-
tal rows of PIXEL data than the number of parallel
one-dimensional PES in the VIP—for example, an
image processing system wherein the VIP includes a
one-dimensional array of eight (8) parallel PES, and the
two-dimensional PIXEL image array is a 32X 32 array
as shown generally at 52 in FIG. 15.

Thus, as here shown, the 32 X32 PIXEL image array
52 is comprised of four (4) adjacent strips of PIXELS
identified in the drawing as Strip Nos. 1 through 4, with
each Strip comprising an 8 X 32 array containing eight
(8) row of PIXELS with thirty-two (32) PIXELS per
row. That is, Strip No. 1 includes rows “A” through
“H”; Strip No. 2 includes rows “I”” through “P”; Strip
No. 3 includes rows “Q” through “X”; and Strip No. 4
includes rows “Y” through “FF”. In this instance, the
VIP, generally indicated at 54 in FIG. 15, comprises a
one-dimensional array of eight (8) parallel processing
element PE, through PE; and devices indicated at NB
and SB for inputting north boundary data and south
boundary data, respectively. As the ensuing description
proceeds, it will be understood that when the VIP 54 is
processing Strip No. 3, for example, north boundary or
border data comprises the PIXEL data in the southern-
most row in Strip No. 2—viz,, row “P”—while south
boundary or border data comprises the PIXEL data in
the northernmost row in Strip No. 4—viz., row “Y”.
Similarly, when processing Strip No. 1, north border
data comprises digitally encoded boundary data in
Memory 22 (FIG. 1) and south border data comprises
the PIXEL data in the northernmost row of Strip No.
2—viz., row “I”.

Thus, referring to FIGS. 16a and 165 conjointly,
there has been illustrated a VIP 54 including north and
south boundary inputs and which is otherwise identical
to the VIP 24 previously described in connection with
FI1GS. 14a through 14d—albeit that many structural
details shown in FIGS. 14a¢ through 144 have been
eliminated from FIGS. 164 and 166 simply for purposes
of clarity such, for example, as the arithmetic logic units
(ALUs) and the interconnection and output lines relat-
ing thereto. FIGS. 16a and 160 have further been drawn
to illustrate a one-dimensional columnar VIP 54 having
n PES; but, consistent with FIG. 15, the ensuing de-
scription will assume that the VIP 54 includes eight (8)
processing elements and, therefore, that the processing
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elements shown as PE,_; and PE, are, in actuality,
PE; and PE,. |

With the foregoing in mind, and assuming that the
VIP 54 is processing the eight (8) rows “A” through
“H” in Strip No. 1, it will be appreciated that Memory 5
devices 22yp initially contains digitally encoded data
representative of the north boundary of the two-dimen-
sional 32X 32 PIXEL image array 52 shown in FIG. 15;
and, such data is shifted sequentially into and through
latches NB1, NB2 and NB3 in precisely the same man- 10
ner as previously described for data input to the PES
shown in FIGS. 14a through 14d. Consequently, on the
first, second and third shift commands emanating from
the Sequencer 31 (FIG. 1): (i) digitally encoded data
representative of north boundary locations will be 15
shifted into latches NB1, NB2 and NB3; (ii) the digitally
encoded data representative of the PIXELS in columns
“1” and “0” and western boundary data will be shifted
Into respective ones of the latches associated with pro-
cessor elements PE, through PE,—i.e., the PIXEL data 20
at such columns and boundary locations for rows “A”
through “H”; and (iii), the digitally encoded data for
columns “1” and “0” and western boundary data for
row “I”’—wi1z., the northernmost row in Strip No. 2 and,
therefore, the row containing south neighbor inputs for 25
PE,, (herein, Pey)—will be shifted into latches SB1, SB2
and SB3. In this instance, however, data output on the
three-state bus 26, for NFU,—i.e., the southernmost

—-row “H” in Strip No. 1—is not only input to Memory

-~ location 22, but, additionally, is input to Memory loca- 30
““tion 22nNp containing northern boundery data. As a
--consequence, when the VIP 54 is commanded by the
Sequencer 31 to shift to Strip No. 2, the north boundary
-Memory location 22xp will contain digitally encoded
data at the appropriate address positions corresponding 35
to the thirty-two (32) PIXELS in row “H”—viz., the

- southernmost row in Strip No. 1 and, consequently, the

“rOw containing north boundary information for row “I”
~ian Strip No. 2. Similarly, data from the northermost
-+«processing element PE,; may be fed via three-state bus 40

-~ 26a to not only Memory location 22, but, additionally,
~to the south border Memory location 22s5p—thereby

enabling the VIP to be shifted from Strip No. 2 in a
northerly direction to reprocess Strip No. 1 should the
need arise since, under these conditions, the data stored 45
in the south border Memory 2255 wil be the digitally
encoded data for the PIXEL positions in row “I”’ which

1s, in fact, the southern boundary data required for PE,,
when processing row “H” in Strip No. 1.

Thus, there has hereinabove been described a simple, 50
yet highly effective, system for inputting required north
and south boundary data to the VIP 54 when the VIP is
configured to process sequential strips of PIXEL data
as herein defined; and, of course, it will be understood
that such an arrangement for inputting north and south 55
boundary data is equally applicable to Vector Image
Processing Systems embodying the invention and of the
type shown in FIGS. 1 and 14¢-14d where the VIP 24
includes a one-dimensional columnar array of PES
equal in number to the number of rows of PIXEL data 60
in a two-dimensional XY PIXEL image array 25.

F. External Pipelining

As indicated in preceding portions of the present
spectfication—particularly, that portion dealing with
the embodiment of the invention illustrated in FIGS. 65
14a through 14d—VIPs embodying the features of the
present invention are configured as one-dimensional
columnar arrays of n parallel PES wherein rows of
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digitally encoded PIXEL data are processed in parallel
for one column at a time, and wherein columns of
PIXEL data are processed in internally pipelined fash-
ion; yet, wherein the VIP can be configured to option-
ally permit external pipelining. One form of an exem-
plary externally pipelined Vector Image Processing
System, generally indicated at 20’, has been illustrated
in FIGS. 17qg and 175. Thus, as here shown, the process-
ing system 20’ is identical to the processing system 20
shown in FIG. 1 except that the single VIP 24 shown in
FIG. 1 has been replaced by n VIPs here identified as
VIP;, VIPy. .. VIP,, respectively designated by the
reference numbers 24,4, 24; . . . 24,, it being understood
that the pipelined system 20’ may include two (2) VIPs,
three (3) VIPs as shown, or any desired additional num-
ber of VIPs. As illustrated, the image processing system
20’ of FIGS. 17a and 17b operates in precisely the same
fashion as the system 20 shown in FIG. 1, except that in
this instance, digitally encoded data representative of a
two-dimensional XY PIXEL image array 25 (FIG. 17a)
1s simultaneously input to each of the pipelined VIPs—-
viz., VIP,, VIPy . .. VIP, as shown in FIG. 17b; and,
consequently, two, three or more different processing
operations may be conducted simultaneously with the
data output from each pipelined VIP being returned to
the Memory 22 via three-state bus 26.

Although not shown in the drawings, those skilled in
the art will appreciate that numerous other pipelined
configurations may be employed without departing
from the spirit and scope of the invention as described
herein and as expressed in the appended claims. For
example, the data output from VIP, (FIG. 175) may be
fed directly to VIPy rather than being returned via bus
26 to the Memory 22; and, in similar fashion, each VIP
in the pipeline may feed its output directly to the next
downstream VIP, with the final VIP in the pipeline—-
viz., VIP,—returning its output via three-state bus 26 to
Memory 22. Such an arrangement is known in the art as
a “Systolic” pipelined image processing system.

Alternatively, each of the VIPs shown in FIG. 1756
may, if desired, be provided with its own Memory.
Such an arrangement would have many possible appli-
cations. For example, assuming that each of the VIPs
includes sixteen (16) PES, then three of such VIPs
could be provided to handle all rows of a 4848
PIXEL image array in parallel internally pipelined
form. Or, if desired, suitably pipelined VIPs can each be
commanded to perform a series of different processing
operations on essentially the same PIXEL data output
from the Sensor 21.

Thus, those skilled in the image processing art will
appreciate that there has herein been described a special
purpose 1mage processing system, and hardware there-
for, enabling the user to process two-dimensional XY
PIXEL image arrays with a Vector Image Processing
System—i.e., the processing of digitally encoded image
representative PIXELS in a two-dimensional XY
PIXEL image array by processing n rows of PIXELS
in parallel and n columns of PIXELS in internally pipe-
lined form. Since each PE is configured to process only
one PIXEL at a time, the pin requirements for each
such PE are minimized. Thus, each single PE IC re-
quires 2 maximum of one (1) data input pin, six (6)
neighbor input pins (assuming a 3X3 neighborhood
operation), control and clock input pins, one (1) data
output pin, and six (6) neighbor output pins; yet, the
VIP is capable of performing not only LOGIC and
ARITHMETIC TRANSFORMS; but, in addition,
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NEIGHBOR TRANSFORMS. And, of course, imple-
mentation of two or more PES on a single IC requires
the addition of only two (2) pins per PE for full speed
operation since all control pins, power pins, etc., are
common to all PES. Consequently, a sixteen (16) PE

chip or IC might have twenty (20) control and power
pins, thirty-two (32) data 1/0 pins, and no neighbor pins
except for two(2) pins to provide north and south bor-
der inputs—i.e., a total of only fifty-four (54) pins as
contrasted with conventional chips which often require
in excess of two hundred (200) pins. Since the VIP of
the present invention provides for input of boundary
data in essentially the same fashion as input of neighbor
data, the VIP can be used to process virtually any sized
two-dimensional XY PIXEL image array without loss
of neighbor relations at the edges of the image. More-
over, the simplicity of the system readily permits of
implementation of up to on the order of sixty-four (64),
or more, PES on a single IC. The arrangement is such
that VIP systems of the type herein described are char-
acterized by their versatility and flexibility, and permit
of ease of packaging in compact, lightweight packages
which readily permit of use in various field installations
where image processing is desired, but which have
heretofore been incapable of practical implementation.

What is claimed is:

1. The method of processing a two-dimensional XY
PIXEL image array containing discrete bits of digitally
encoded PIXEL data oriented in “X” rows and “Y”
columns, and including a multiplicity of overlapping
two-dimensional AB neighborhoods, where “A” and
“B” can have any desired whole integer value greater
than “1”, and wherein each two-dimensional AB neigh-
borhood includes a PIXEL to be processed and data
bits representative of neighbor PIXELS and any bound-
ary data bits adjacent the PIXEL to be processed; said
method comprising the steps of:

(a) shifting n rows of digitally encoded PIXEL data,
where “n” is any whole integer, in column-by-
column sequential internally pipelined order
through a one-dimensional columnar array of n
processing element(s) each including:

(1) a plurality of serially cascaded interconnected
latches equal in number to the value of “A” in
the two-dimensional AB neighborhood for stor-
ing a plurality of discrete bits of digitally en-
coded data intermediate successive data shifts;
and,

(1) a neighborhood functional processing unit for
performing a NEIGHBORHOOD TRANS-
FORM processing operation;

(b) conveying the digitally encoded data stored in one
of the serially cascaded interconnected latches in
each of the n processing element(s) and corre-
sponding to each PIXEL to be processed to the
neighborhood functional processing unit on that
processing element;

(c) conveying digitally encoded data representative
of all neighbor PIXELS and boundary data con-
tatned within each two-dimensional AB neighbor-
hood to the neighborhood functional processing
unit in each of the n processing element(s);

(d) performing a computational NEIGHBORHOOQOD
TRANSFORM processing operation on the digi-
tally encoded PIXEL data for each PIXEL being
analyzed at a given instant of time in the neighbor-
hood functional processing unit in each of the n
processing element(s); and,
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(e) outputting digitally encoded data representative
of the results of each computational NEIGHBOR-
HOOD TRANSFORM processing operation on
each PIXEL being processed, with all PIXELS in
a given “Y”” column of PIXELS and in the n rows

being processed in parallel in those instances where

n is greater than “1”, and with all PIXELS in each

of the n rows being processed in internally pipe-

lined sequential order.

2. The method of processing a two-dimensional XY
PIXEL image array containing discrete bits of digitally
encoded PIXEL data oriented in “X” rows and “Y”
columns, and including a multiplicity of overlapping
two-dimensional AB neighborhoods, where “A’ and
“B” can have any desired whole integer value greater
than **1”, and wherein each two-dimensional AB neigh-
borhood includes a PIXEL to be processed and data
bits representatiive of neighbor PIXELS and any bound-
ary data bits located adjacent the PIXEL to be pro-
cessed; said method comprising the steps of:

(a) shifting n rows of digitally encoded PIXEL data,
where “n” is any whole integer, in column-by-
column sequential internally pipelined order
through a one-dimensional columnar array of n
processing element(s) each including:

(1) a plurality of serially cascaded interconnected
latches equal in number to the value of “A” in
the two-dimensional AB neighborhood for stor-
ing a plurality of discrete bits of digitally en-
coded data intermediate successive data shifts;

(i1) a neighborhood functional processing unit for
performing a NEIGHBORHOOD TRANS-
FORM processing operation; and,

(1) one of an arithmetic processing unit, a logic
unit or an arithmetic logic unit for performing
one of an ARITHMETIC TRANSFORM pro-
cessing operation or a LOGIC TRANSFORM
processing operation;

(b) conveying the digitally encoded data stored in one
of the serially cascaded interconnected latches in
each of the n processing element(s) and corre-
sponding to each PIXEL to be processed to the
neighborhood functional processing unit on that
processing element;

(c) conveying digitally encoded data representative
of all neighbor PIXELS and boundary data con-
tained within each two-dimensional AB neighbor-
hood to the neighborhood functional processing
unit in each of the n processing element(s);

(d) conveying digitally encoded data stored in one of
the serially cascaded interconnected latches in each
of the n processing elements and corresponding to
each PIXEL to be processed, and digitally en-
coded data stored in an adjacent one of the serially
connected latches to the one of the arithmetic pro-
cessing unit, logic unit or arithmetic logic unit on
that processing element;

(e) performing one of a computational NEIGHBOR-
HOOD TRANSFORM processing operation, a
computational ARITHMETIC TRANSFORM
processing operation, or a computational LOGIC
TRANSFORM processing operation on the digi-
tally encoded PIXEL data for each PIXEL being
analyzed at a given instant of time in either the
neighborhood functional processing unit or the one
of the arithmetic processing unit, logic unit or
arithmetic logic unit in each of the n processing
element(s); and,
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(f) outputting digitally encoded data representative of

the results of each computational TRANSFORM
processing operation on each PIXEL being pro-
cessed, with all PIXELS in a given “Y” column of
PIXELS and in the n rows being processed in
parallel in those instances where n is greater than
*“1”, and with all PIXELS in each of the n rows

being processed in internally pipelined sequential
order.

3. The method as set forth in claims 1 or 2 wherein
the PIXEL data pits are processed using bit-serial arith-
metic.

4. The method as set forth in claims 1 or 2 wherein n
Is greater than “1”, and the n processing elements are
bit-serial synchronous processing elements.

5. The method as set forth in claims 1 or 2 wherein
each two-dimensional AB neighborhood array isa 3 X3
array.

6. The method as set forth in claims 1 or 2 wherein
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each two-dimensional AB neighborhood array is a 20

Golay Surround.

7. The method as set forth in claims 1 or 2 wherein n
1s greater than “2”, and wherein the digitally encoded
data in the northernmost one of the n processing ele-
ments provides north neighbor inputs to the neighbor-
hood functional unit on the adjacent southern process-
ing element, the digitally encoded data in the southern-
most one of the n processing elements provides south
- neighbor input to the neighborhood functional unit on
- the adjacent northern processing element, and wherein
- the digitally encoded data in all intermediate ones of the
- 'n processing elements provides north neighbor input to

the neighborhood functional unit on the adjacent south
processing element and south neighbor input to the
neighborhood functional unit on the adjacent north
processing element.

8. The method as set forth in claim 7 wherein north
- and south border memories provide north and south
- neighbor inputs respectively to the neighborhood func-
~tional units on respective ones of the northernmost and

- --southernmost ones of the n processing elements.
- 9. The method as set forth in claims 1 or 2 wherein n
1s greater than “1” and is a whole integer fraction of
“X”, and wherein the two-dimensional XY PIXEL
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image array is processed by processing successive strips 45

each including n rows of digitally encoded PIXEL data
with such rows being processed in parallel internally
pipelined order and with such strips being processed in
series.

10. An image processing system for processing a
two-dimensional XY array of digitally encoded PIXEL
data bits disposed in “X” rows “A”, “B”, “C” ... “X,”
and “Y” columns “0”, “17, “2” ... “Y,” wherein said
array contains discrete PIXEL data bits, and for per-
forming NEIGHBORHOOD TRANSFORM process-
ing operations on each PIXEL data bit in said two-di-
mensional XY array based on the relation of the value of
each PIXEL data bit to the value of its northern, south-
ern, eastern and western neighbors in a two-dimensional
AB neighborhood array containing “A” columns and
“B” rows where “A” and “B” have equal integer values
greater than “1”; said image processing system compris-
ing, in combination:

(a) a sensor for detecting image data and outputting
such data in the form of a two-dimensional XY
array of digitally encoded PIXEL data bits;

(b) a memory having XY address locations for storing
said two-dimensional XY array of digitally en-
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coded PIXEL data bits and boundary address loca-
tions for storing digitally encoded data bits repre-
sentative of the northern, southern, eastern and
western boundaries of said XY array;

(c) a vector image processor comprising n processing,

element(s) wherein “n” can be any whole integer

value and wherein said n processing elements are

disposed in parallel in those instances where “n” is
greater than “1”, said n processing element(s) each
including:

(1) m serially cascaded interconnected latches
where the value of “m” is equal to the value of
“A” 1n said two-dimensional AB neighborhood
array; and,

(1) a neighborhood functional unit having a first
group m, a second group m’, and a third group
m" of input terminals and an output terminal,
said neighborhood functional unit being pro-
grammed to perform selected NEIGHBOR-
HOOD TRANSFORM processing operations
on digitally encoded data presented on its input

terminals upon receipt of a compute command
signal;

(d) m north and south serially cascaded intercon-

nected boundary latches for receiving digitally
encoded data bits stored in said memory boundary
address locations representative of north and south
boundary locations corresponding to each column
of PIXEL data bits to be processed and corre-
sponding to the eastern and western boundaries of
said two-dimensional XY array;

(e) means for coupling said m serially cascaded inter-

connected latches on each of said n processing

elements to:

(1) said first group m of input terminals on said
neighborhood functional unit on that particular
one of said n processing elements;

(1) said second group m’ of input terminals on said
neighborhood functional unit on any immedi-
ately adjacent northern one of said n processing
elements; and,

(i11) said third group m” of input terminals on said
neighborhood functional unit on any immedi-

ately adjacent southern one of said n processing
elements;

(f) means for coupling said m north serially cascaded

boundary latches to said third group m" of input
terminals on said neighborhood functional unit on

the northernmost one of said n processing ele-
ments;

(g) means for coupling said m south serially cascaded

boundary latches to said second group m’ of input
terminals on said neighborhood functional unit on
the southernmost one of said n processing ele-
ments; and,

(h) means for generating a series of programmed shift

and compute command signals and for transmitting
such signals to: (i) said memory XY and boundary
address locations; (ii) said m serially cascaded inter-
connected latches on each of said n processing
elements; (ii1) said m north serially cascaded inter-
connected boundary latches; (iv) said m south seri-
ally cascaded interconnected boundary latches:
and (v), said neighborhood functional units on each
of said n processing elements, for inputting shift
command signals thereto, and for inputting com-
pute command signals to each of said neighbor-
hood functional units on each of said n processing
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elements; whereby each shift command signal
input to: (i) n of said memory XY address locations:
(i) said memory boundary address locations; (iii)
said m serially cascaded latches on said n process-
ing elements; (iv) said m north and south serially
cascaded interconnected boundary latches; and (v),
satd neighborhood functional units on each of said
n processing elements, serves to shift: (a) n of said
“X” rows of digitally encoded PIXEL data bits
stored in n adjacent ones of said memory XY ad-
dress locations where “n” is equal to the number
“n” of said processing elements (b) boundary data
bltS in said boundary address locations correspond-
ing to shifted PIXEL data bits; and (c), data bits
stored in all of said latches and presented on said
first, second and third groups m, m’ and m" of input
terminals of each of said neighborhood functional
units on each of said n processing elements by one
column position so as to shift n of said “X” rows of
digitally encoded PIXEL data bits successwely
through respective ones of said m serially cascaded
latches on each of said n processing elements in
column-by-column internally pipelined order and
for simultaneously shifting digitally encoded north
and south boundary data bits through said m north
and south serially cascaded boundary latches in
column-by-column internally pipelined order
whereby m digitally encoded PIXEL data bits, m
bits of north boundary data for each of said n pro-
cessing elements, and m bits of south boundary data
for each of said n processing elements are succes-
sively and simultaneously presented on said first,
second and third groups m, m’ and m"” of input
terminals of said neighborhood functional units on
each of said n processing elements; and, each com-
pute command signal input to said neighborhood
functional unit on each of said n processing ele-
ments serves to Initiate a NEIGHBORHOOD
TRANSFORM processing operation with the re-
sults of each of said n operations being output from
said n processing elements on the next succeeding
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shift command signal and being input to the associ-

‘ated ones of said memory XY address locations.

11. An 1mage processing system for processing a

two-dimensional XY array of digitally encoded PIXEL
data bits disposed in “X” rows “A”, “B”, “C” ... “X,”
and “Y” columns “0”, “1, “2” ... “Y,” wherein said
array contains discrete PIXEL data bits, and for per-
forming a selected one of an ARITHMETIC TRANS-
FORM or LOGIC TRANSFORM processing opera-
tion with respect to two adjacent PIXELS in a given
row, or a NEIGHBORHOOD TRANSFORM pro-
cessing operation on each PIXEL data bit in said two-
dimensional XY array based on the relation of the value
of each PIXEL data bit to the value of its northern,
southern, eastern and western neighbors in a two-di-
mensional AB neighborhood array containing “A” col-
umns and “B” rows where “A” and “B” have equal
integer values greater than “1”; said 1mage processing
system comprising, in comblnatlon -

(a) a sensor for detecting image data and outputting
such data in the form of a two-dimensional XY
array of digitally encoded PIXEL data bits;

(b) a memory having XY address locations for storing
said two-dimensional XY array of digitally en-
coded PIXEL data bits and boundary address loca-
tions for storing digitally encoded data bits repre-
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sentative of the northern, southern, eastern and

western boundaries of said XY array;

(c) a vector image processor comprising n processing
element(s) wherein “n” can be any whole integer
value and wherein sald n processing elements are
disposed in parallel in those instances where “n” is
greater than “1”, said n processing element(s) each
including: |
(1) m serially cascaded interconnected latches

where the value of “m” is equal to the value of
“A” 1n said two-dimensional AB neighborhood
array;

(11) a neighborhood functional unit having a first
group m, a second group m’, and a third group
m" of input terminals and an output terminal,
said neighborhood functional unit being pro-
grammed to perform selected NEIGHBOR-
HOOD TRANSFORM processing operations
on digitally encoded data presented on its input
terminals upon receipt of a compute command
signal; and,

(iii) one of an arithmetic processing unit, a logic
unit or an arithmetic logic unit having a pair of
input terminals and an output terminal and pro-
grammed to perform a selected ARITHMETIC
and/or LOGIC TRANSFORM processing op-
eration on digitally encoded data presented on its
input terminals upon receipt of a compute com-
mand signal;

(d) m north and south serially cascaded intercon-
nected boundary latches for receiving digitally
encoded data bits stored in said memory boundary
address locations representative of north and south
boundary locations corresponding to each column
of PIXEL data bits to be processed and corre-
sponding to the eastern and western boundaries of
said two-dimensional XY array;

(e) means for coupling said m serially cascaded inter-
connected latches on each of said n processing elements
to:

(1) said first group m of input terminals on said
neighborhood functional unit on that particular
one of said n processing elements;

(i1) said second group m’ of input terminals on said
neighborhood functional unit on any immedi-
ately adjacent northern one of said n processing
elements: and,

(111) said third group m” of input terminals on said
neighborhood functional unit on any immedi-
ately adjacent southern one of said n processing
elements;

(f) means for coupling said m north serially cascaded
boundary latches to said third group m” of input
terminals on said neighborhood functional unit on
the northernmost one of said n processing ele-
ments;

(g) means for coupling said m south serially cascaded
boundary latches to said second group m’ of input
terminals on said neighborhood functional unit on
the southernmost one of said n processing ele-
ments;

(h) means for coupling two of said m serially cas-
caded interconnected latches on each of said n
processing elements to respective ones of said pair
of input terminals on the one of said arithmetic
processing unit, logic unit or arithmetic logic unit
on that particular one of said n processing ele-
ments; and,
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(1) means for generating a series of programmed shift
and compute command signals and for transmitting
such signals to: (i) said memory XY and boundary
address locations; (ii) said m serially cascaded inter-
connected latches on each of said n processing 5
elements; (ii1) said m north serially cascaded inter-
connected boundary latches; (iv) said m south seri-
ally cascaded interconnected boundary latches; (v)
said neighborhood functional units on each of said
n processing elements; and (vi), said one of said
arithmetic processing unit, logic unit or arithmetic
logic unit on each of said n processing elements, for
inputting shift command signals thereto, and for
inputting compute command signals to one only of
said neighborhood functional unit or said one of 15
said arithmetic processing unit, logic unit or arith-
metic logic unit on each of said n processing ele-
ments; whereby each shift command signal input
to: (1) n of said memory XY address locations; (ii)
said memory boundary address locations; (iii) said
m serially cascaded latches on said n processing
elements; (iv) said m north and south serially cas-
caded interconnected boundary latches; (v) said
neighborhood functional units on each of said n
processing elements; and (vi), said one of said arith-
metic processing unit, logic unit or arithmetic logic
unit on each of said n processing elements, serves
to shift: (a) n of said “X’’ rows of digitally encoded
PIXEL data bits stored in n adjacent ones of said
memory XY address locations where “n’ is equal
to the number “n” of said processing elements; (b)
boundary data bits in said boundary address loca-
tions corresponding to shifted PIXEIL data bits;
and (c), data bits stored in all of said latches and
presented on said first, second and third groups m,
m’ and m” of input terminals of each of said neigh-
borhood functional units and on said pair of input
terminals on said one of said arithmetic processing
unit, logic unit or arithmetic logic unit on each of
said n processing elements by one column position 40
so as to shift n of said “X” rows of digitally en-
coded PIXEL data bits successively through re-
spective ones of said m serially cascaded latches on
each of said n processing elements in column-by-
column internally pipelined order and for simulta- 45
neously shifting digitally encoded north and south
boundary data bits through said m north and south
serially cascaded boundary latches in column-by-
column internally pipelined order whereby m digi-
tally encoded PIXEL data bits, m bits of north
boundary data for each of said n processing ele-
ments, and m bits of south boundary data for each
of said n processing elements are successively and
simultaneously presented on said first, second and
third groups m, m’ and m"” of input terminals on
said neighborhood functional units on each of said
n processing elements, and PIXEL data bits in two
of said m serially cascaded interconnected latches
on each of said n processing elements are succes-
sively and simultaneously presented on said pair of 60
input terminals on said one of said arithmetic pro-
cessing unit, logic unit or arithmetic logic unit on
that particular one of each of said n processing
elements; and each compute command signal is
iInput to one only of said neighborhood functional
unit or said one of said arithmetic processing unit,
said logic unit or said arithmetic logic unit on each
of said n processing elements and serves to initiate
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a selected one of a NEIGHBORHOOD, ARITH-
METIC or LOGIC TRANSFORM processing
operation with the results of each of said n opera-
tions being output from said n processing elements
on the next succeeding shift command signal and
being input to the associated ones of said memory
XY address locations.

12. An image processing system as set forth in claims
10 or 11 wherein said n processing elements are bit-
serial processing elements.

13. An image processing system as set forth in claim
10 wherein n is greater than ““1”,

14. An image processing system as set forth in claim
11 wherein n is greater than “1”,

15. An image processing system as set forth in claims
13 or 14 wherein said n processing elements are bit-
serial synchronous processing elements.

16. An 1mage processing system as set forth in claims
10, 11, 13 or 17 wherein each said two-dimensional AB
neighborhood array is a 3 X3 array and m is equal to
ii3!'!'.

17. An 1mage processing system as set forth in claims
10, 11, 13 or 14 wherein each said two-dimensional AB
neighborhood array is a Golay Surround.

18. An image processing system as set forth in claims
10 or 11 wherein n is greater than “2” and wherein the
digitally encoded data in said m serially cascaded inter-
connected latches of the northernmost one of said n
processing elements provides north neighbor inputs to
said third group m" of input terminals on said neighbor-
hood functional unit on the adjacent southern process-
Ing element, the digitally encoded data in said m serially
cascaded interconnected latches of the southernmost
one of said n processing elements provides south neigh-
bor inputs to said second group m’ of input terminals on
said neighborhood functional unit on the adjacent
northern processing element, and wherein the digitally
encoded data in said m serially cascaded interconnected
latches of all intermediate ones of said n processing
elements provides north neighbor inputs to said third
group m" of mmput terminals on said neighborhood func-
tional unit on the adjacent southern processing element
and south neighbor inputs to said second group m'’ of
input terminals on said neighborhood functional unit on
the adjacent north processing element.

19. An 1mage processing system as set forth in claim
18 wherein data output from the northernmost and
southernmost ones of said n processing elements is also
input to said south and north boundary address loca-
tions respectively in said memory.

20. An image processing system as set forth in claims
10 or 11 wherein n 1s greater than “1” and is a whole
integer fraction of “X”, and further including means for
shifting adjacent strips of said two-dimensional XY
PIXEL 1mage array each including n rows of PIXEL
data relatively through said vector image processor in
parallel row internally pipelined column-by-column
order with said strips being processed in series.

21. An image processing system as set forth in claims
10 or 11 wherein n is on the order of up to about ‘64"
and wherein all of said n processing elements, said m
north and south boundary latches, and said coupling
means are formed on a single integrated circuit.

22. In an 1mage processing system for the type em-
ploying: (i) a sensor for detecting image data and out-
putting such data in the form of a two-dimensional XY
array of digitally encoded PIXEL data bits disposed in
“X rows “A”, “B”, “C” ... “X,” and “Y” columns
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“07, “17, “2” ... “Y,” wherein said array contains

discrete PIXEL data bits and wherein said two-dimen-
sional XY array includes a plurality of overlapping
two-dimensional AB neighborhood arrays for each and
every PIXEL location in the XY array where “A” and

“B” have equal integer values greater than “2”; (ii) a

memory having XY address locations for storing said-

two dimensional XY array of digitally encoded PIXEL
data bits and boundary address locations for storing
digitally encoded data bits representative of the north-
ern, southern, eastern and western boundaries. of said
XY array: (iit) a special purpose image processor; (iv) a
host central processing unit coupled to the memory and
to the special purpose image processor; and (v), a se-
quencer controlled by the central processing unit for
inputting shift command signals to the memory and
both shift command signals and compute command
signals to the special purpose image processor; the im-
provement in said special purpose image processor
comprising, in combination:

(a) means for shifting n of said “X” rows of digitally
encoded PIXEL data bits through said special
purpose image processor in parallel and in column-
by-column stepwise internally pipelined order
where “n” is any whole integer greater than “2”

(b) means for storing n two-dimensional AB neigh-
borhood arrays each including a particular PIXEL
data bit in one of the n “X” rows and all neighbor-
ing PIXEL and boundary data bits in the prese-
lected two-dimensional AB array during periods
intermediate successive data shift signals;

(c) means for performing a NEIGHBORHQOD
TRANSFORM processing operation on all data

bits in each of the n stored two-dimensional AB

arrays; whereby said two-dimensional XY array of

)
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PIXEL data bits is processed in parallel row and

internally pipelined column-by-column order; and

(d) n processing elements and wherein said means for
storing n two-dimensional AB neighborhood ar-
rays comprises n sets of m serially cascaded inter-
connected latches where “m” is less then “n” and
with one such set formed on each of said n process-
ing elements whereby the centermost one of said m
latches on any given one of said n processing ele-
ments contains the PIXEL data bits to be analyzed
by that processing element during a NEIGHBOR-
HOOD TRANSFORM and wherein that process-
ing element comprises the centermost one of m of
said n processing elements, and wherein all latches
in said n processing elements surrounding the cen-
termost one of said m latches on said given one of
said n processing elements provide neighbor inputs
to that one of said n processing elements containing
said centermost one of said m latches.

23. In an image processing system of the type employ-
ing: (1) a sensor for detecting image data and outputting
such data in the form of a two-dimensional XY array of
digitally encoded PIXEL data bits disposed in “X”
“rows “A”, “B”, “C” ... “Xpand “Y” columns “0”, “17,
“2”...“Y,wherein said array contains discrete PIXEL
data bits and wherein said two-dimensional XY array
includes a plurality of overlapping two-dimensional AB
neighborhood arrays for each and every PIXEL loca-
tion in the XY array where “A” and “B” have equal
integer values greater than “2”; (ii) a memory having
XY address locations for storing said two-dimensional
XY array of digitally encoded PIXEL data bits and
boundary address locations for storing digitally en-
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coded PIXEL data bits and boundary address locations
for storing digitally encoded data bits representative of
the northern, southern, eastern and western boundries
of said XY arrayj; (iii) a special purpose image processor;
(iv) a host central processing unit coupled to the mem-
ory and to the special purpose image processor; and (v),
a sequencer controlled by the central processing unit
for inputting shift command signals to the memory and
both shift command signals and compute command
signals to the special purpose image processor; the im-
provement in said special purpose image processor
comprising, in combination:

(a) means for shifting n of said “X” rows of digitally
encoded PIXEL data bits through said special
purpose 1mage processor in parallel and in column-
by-column stepwise internally pipelined order
where “n” is any whole integer greater than *“2”;

(b) means for storing n two-dimensional AB neigh-
borhood arrays each including a particular PIXEL
data bit in one of the n “X” rows and all neighbor-
mng PIXEL and boundary data bits in the prese-
lected two-dimensional AB array during periods
intermediate successive data shift signals;

(c) means for performing a selected one of:

(1) a NEIGHBORHOOD TRANSFORM process-
Ing operation on all data bits in each of the n
stored two-dimensional AB arrays; or,

(11) one only of an ARITHMETIC TRANSFORM
and a LOGIC TRANSFORM processing opera-
tion with respect to each PIXEL data bit being
analyzed in each of said n “X” rows and an adja-
cent PIXEL data bit in one of said n “X” rows:

whereby said two-dimensional XY array of PIXEL
data bits 1s processed in parallel row and internally
pipelined column-by-column order; and

(d) n processing elements and wherein said means for
storing n two-dimensional AB neighborhood ar-
rays comprises n sets of m serially cascaded inter-
connected latches where “m” is less than “n” and
with one such set formed on each of said n process-
ing elements whereby the centermost one of said m
latches on any given one of said n processing ele-
ments contains the PIXEL data bits to be analyzed
by that processing element during a NEIGHBOR-
HOOD TRANSFORM and wherein that process-
ing element comprises the centermost one of m of
said n processing elements, and wherein all latches
in said n processing elements surrounding the cen-
termost one of said m latches on said given one of
said n processing elements provide neighbor inputs
to that one of said n processing elements containing
said centermost one of said m latches. |

24. The immprovement in a special purpose image
processor as set forth in claim 22 or 23 wherein said
two-dimensional AB neighborhood array is a 3x3 ar-
ray, m 1s “3”, and each of said n processing elements
provides north neighbor inputs to its neighbor process-
ing element on the south and south neighbor inputs to
its neighbor processing element on the north.

25. The improvement in a special purpose image
processor as set forth in claim 24 further including north
and south sets of three serially cascaded latches for
respectively storing north and south boundary data bits
output from said memory boundary address locations in
column-by-column pipelined order and where said
north set provides north neighbor inputs to the north-
ernmost one of said n processing elements and said
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south set provides south neighbor inputs to the south-
ernmost one of said n processing elements.

26. The improvement in a special purpose image
processor as set forth in claim 25 wherein n is on the
order of up to about “64” and wherein said means for
storing n two-dimensional AB neighborhood arrays,
sald means for performing a processing operation, and
said north and south sets of boundary data latches are
formed on a single integrated circuit.

27. A one-dimensional columnar vector image pro-
cessor for use in processing digitally encoded PIXEL
data bits contained within a multiplicity of two-dimen-
stonal AB neighborhood arrays in parallel row, inter-
nally pipelined, column-by-column order and for use
with an image processing having: (i) a sensor for output-
ting a two-dimensional XY video image having PIX-
ELS oriented in “X” rows “A”, “B”, “C” ... “X,” and
“Y” columns “0”, “1”, “2” ... “Y,”; (il) a memory for
recetving data from said sensor and containing XY
address locations for storage of said PIXEL data bits
and boundary address locations for storage of data bits
representative of the north, south, east and west bound-
aries of said two-dimensional XY video image; (iii) a
central processing unit coupled to said sensor and said
memory; and (1v), a sequencer controlled by said cen-
tral processing unit and coupled to said memory and
said vector image processor for inputting data shift
command signals thereto and for inputting compute
--.command signals to said vector image processor for
~-initiating a computational processing operation; said
“-vector image processor comprising, in combination:

- (a) n processing elements disposed in parallel where
“ “n” is any whole integer greater than “1”, each of
sald n processing elements including:

(1) a series of m serially cascaded interconnected
latches where the value of “m” is equal to the

value of “A” in said two-dimensional AB neigh-
borhood array;

(11) 2 neighborhood functional unit having a first
group m, a second group m’, and a third group
m" of input terminals and an output terminal,
said neighborhood functional unit being pro-
grammed to perform selected NEIGHBOR-
HOOD TRANSFORM processing operations
on digitally encoded data presented on its input
terminals upon receipt of a compute command
signal; and,

(ii1) one of an arithmetic processing unit, a logic
unit or an arithmetic logic unit having a pair of
Input terminals and an output terminal, said one
of said arithmetic processing unit, logic unit or
arithmetic logic unit being programmed to per-
form one of an ARITHMETIC TRANSFORM
or a LOGIC TRANSFORM processing opera-
tion on digitally encoded data presented on its
Input terminals upon receipt of a compute com-
mand signal; .

(b) m north and south serially cascaded intercon-
nected boundary latches for receiving digitally
encoded data bits stored in said memory boundary
address locations representative of north and south
boundary locations corresponding to each column
of PIXEL data bits to be processed and corre-
sponding to the eastern and western boundaries of
sald two-dimensional XY array;

(c) means for coupling said m serially cascaded inter-

connected latches on each of said n processing
elements to:
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(1) said first group m of input terminals on said
neighborhood functional unit on that particular
one of said n processing elements;

(11) said second group m’ of input terminals on said
neighborhood functional unit on any immedi-
ately adjacent northern one of said n processing
elements; and,

(111) said third group m” of input terminals on said
neighborhood functional unit on any immedi-
ately adjacent southern one of said n processing
elements;

(d) means for coupling said m north serially cascaded
boundary latches to said third group m’’ of input
terminals on said neighborhood functional unit on
the northernmost one of said n processing ele-
ments;

(e) means for coupling said m south serially cascaded
boundary latches to said second group m’ of input
terminals on said neighborhood functional unit on
the southernmost one of said n processing ele-
ments; and,

(f) means for coupling said one of said m serially
cascaded 1interconnected latches containing the
particular PIXEL data bit to be processed and an
adjacent one of said m serially cascaded intercon-
nected latches on each of said n processing ele-
ments to respective ones of said pair of input termi-
nals of said one of said arithmetic processing unit,
logic unit or arithmetic logic unit on each of said n
processing elements;

whereby eacls shift command signal generated by the
sequencer and input to said vector image processor
serves to shift all PIXEL data bits and all boundary
data bits in each of said two-dimensional AB neigh-

borhoods by one column position and where each
compute command signal transmitted by the se-
quencer to said vector image processor serves to

initiate a computational operation in either said
neighborhood logic unit or in the one of said arith-
metic processing unit, logic unit or arithmetic logic
unit on each of said n processing elements for initi-
ating a selected one of a NEIGHBORHOOD
TRANSFORM, an ARITHMETIC TRANS-
FORM, or a LOGIC TRANSFORM.

28. A one-dimensional columnar vector image pro-
cessor as set forth in claim 27 wherein said n processing
elements are bit-serial synchronous processing ele-
ments.

29. A one-dimensional columnar vector image pro-
cessor as set forth in claim 27 wherein each said two-di-
mensional AB neighborhood array is a 3 X3 array and
“m” is equal to *“3”,

30. A one-dimensional columnar vector image pro-
cessor as set forth in claim 27 wherein each said two-di-
mensional AB neighborhood array is a Golay Surround.

31. A one-dimensional columnar vector image pro-
cess as set forth in claim 27 wherein data output from
the southernmost one of said n processing elements is
input to said north boundary address location in said
memory.

32. A one-dimensional columnar vector image pro-
cess as set forth in claim 27 wherein data output from
the northernmost one of said n processing elements is
input to said south boundary address location in said
memory.

33. A one-dimensional columnar vector image pro-
cessor as set forth in claim 31 wherein data output from
the northernmost one of said n processing elements is
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input to said south boundary address location in said
memory.

34. A one-dimensional column vector image proces-
sor as set forth in claim 27 wherein n is on the order of
up to about “64” and wherein all of said n processing
elements, said boundary latches, and said coupling
means are formed on a single integrated circuit.

35. A processing element for use in a vector image
processing system of the type employed in processing
discrete digitally encoded PIXEL data bits in a video
image comprising a multiplicity of overlapping two-di-
mensional AB neighborhood arrays in a two-dimen-
sional XY PIXEL image array oriented in “X” rows
and “Y” columns and containing PIXELS in internaily
pipelined column-by-columns order upon receipt of
shift and compute command signals from a suitable
command source, said processing element comprising,
In combination:

(a) a support;

(b) means defining a plurality of n serially cascaded
interconnected latches mounted on said support
where “n” is equal to the number of PIXEL data
bits and boundary data bits located in a horizontal
row in each of said two-dimensional AB neighbor-
hood arrays;

(c) input terminal means mounted on said support and
coupled to the upstream one of said plurality of n
serially cascaded interconnected latches for se-
quentially inputting successive discrete digitally
encoded PIXEL data bits in a given “X” row to
said n serially cascaded latches: |

(d) a neighborhood functional unit mounted on said
support for performing preprogrammed NEIGH-
BORHOOD TRANSFORM processing opera-
tions, said neighborhood functional unit having 3n
input terminals and an output terminal;

(e) means for coupling each of said n serially cas-
caded latches to respective ones of a first group of
n of said 3n input terminals on said neighborhood
functional unit;

() means defining n first input terminals on said sup-
port for inputting n discrete bits of digitally en-
coded data from n north neighbors corresponding
in column “Y” position to the digitally encoded
data bits 1n each of said n serially cascaded latches,
said n first input terminal defining means being
coupled to respective ones of a second group of n
of said 3n input terminals on said neighborhood
functional unit;

(g) means deﬁnlng n second input terminals on said
support for inputting n discrete bits of digitally
encoded data from n south neighbors correspond-
ing in column “Y” position to the digitally encoded
data bits in said n serially cascaded latches, said n
second input terminal defining means being cou-
pled to respective ones of a third group of n of said
3n input terminals on said neighborhood functional
unit;

(h) means defining n first output terminals on said
support and respectively coupled to said n serially
cascaded latches for outputting the digitally en-
coded PIXEL data bits stored in said n latches to a
neighboring north processing element;

(1) means defining n second output terminals on said
support and respectively coupled to said n serially
cascaded latches for outputting the digitally en-
coded PIXEL data bits stored in said n latches to a
neighboring south processing element;
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(J) means defining a command input terminal formed
on said support and coupled to each of said n
latches and to said neighborhood functional unit
for shifting data stored therein by one column posi-
tion upon receipt of a shift command signal and for
initiating a NEIGHBORHOOD TRANSFORM
processing operation with respect to data on the
input terminals of said neighborhood functional
unit upon receipt of a compute command signal;
and,

(k) an output terminal on said support coupled to said
output terminal on said neighborhood functional
unit for outputting digitally encoded data from said
neighborhood functional unit representative of the
computational result of said NEIGHBORHOOD
TRANSFORM processing operation;

whereby as PIXEL data bits are shifted into and
through said n serially cascaded latches on said
processing element in successive PIXEL-by-
PIXEL order, a NEIGHBORHOOD TRANS-
FORM processing operation is conducted on each
and every PIXEL stored in a given one of said n
serially cascaded latches with each said PIXEL
data bit being processed based upon its relation to
all neighboring PIXEL data bits and boundary data
bits in said AB neighborhood.

36. A processing element for use in a vector image
processing system of the type employed in processing
discrete digitally encoded PIXEL data bits in a video
image comprising an multiplicity of overlapping two-
dimensional AB neighborhood arrays in a two-dimen-
sional XY PIXEL image array oriented in “X” rows
and “Y” columns and containing PIXELS in internally
pipelined column-by-column order upon receipt of shift
and compute command signals from a suitable com-
mand source, said processing element comprising, in
combination:

(a) a support;

(b) means defining a plurality of n serially cascaded
interconnected latches mounted on said support
where “n” is equal to the number of PIXEL data
bits and boundary data bits located in a horizontal
row in each of said two-dimensional AB neighbor-
hood arrays;

(c) input terminal means mounted on said support and
coupled to the upstream one of said plurality of n
serially cascaded interconnected latches for se-
quentially inputting successive discrete digitally
encoded PIXEL data bits in a given “X” row to
sald n serially cascaded latches;

(d) a neighborhood functional unit mounted on said
support for performing preprogrammed NEIGH-
BORHOOD TRANSFORM processing opera-
tions, said neighborhood functional unit having 3n
input terminals and an output terminal;

(e) means for coupling each of said n serially cas-
caded latches to respective ones of a first group of
n of said 3n input terminals on said neighborhood
functional unit;

(f) means defining n first input terminals on said sup-
port for inputting n discrete bits of digitally en-
coded data from n north neighbors corresponding
in column “Y” position to the digitally encoded
data bits in each of said n serially cascaded latches,
said n first input terminal defining means being
coupled to respective ones of a second group of n
of said 3n input terminals on said neighborhood
functional unit;
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(g) means defining n second input terminals on said
support for inputting n discrete bits of digitally
encoded data from n south neighbors correspond-
ing in column “Y” position to the digitally encoded
data bits in said n serially cascaded latches, said n
second input terminal defining means being cou-
pled to respective ones of a third group of n of said
3n input terminals on said neighborhood functional
unit;

(h) means defining n first output terminals on said
support and respectively coupled to said n serially
cascaded latches for outputting the digitally en-
coded PIXEI. data bits stored in said n latches to a
neighboring north processing element;

(1) means defining n second output terminals on said
support and respectively coupled to said n serially
cascaded latches for outputting the digitally en-
coded PIXEIL data bits stored in said n latches to a
neighboring south processing element;

(J) means defining one of an arithmetic processing
unit, a logic unit or an arithmetic logic unit on said
support for performing a selected one of a prepro-
grammed ARITHMETIC or LOGIC TRANS-
FORM, said one unit having a pair of input termi-
nals and an output terminal;

(k) means for coupling two adjacent ones of said n
serially cascaded latches, including that latch con-
taining PIXEL data bits for the particular PIXEL
being analyzed in each of said n processing ele-
ments, to respective ones of said pair of input termi-
nals on said one unit;

(1) means defining a command input terminal formed
on said support and coupled to each of said n
latches and to said neighborhood functional unit
and to said one of said arithmetic processing unit,
logic unit or arithmetic logic unit for shifting data
stored therein by one column position upon receipt
of a shift command signal and for initiating one
only of a NEIGHBORHOOD, ARITHMETIC or
LOGIC TRANSFORM processing operation with
respect to data on the input terminals of one only of
said neighborhood functional unit or said one of
said arithmetic processing unit, said logic unit or
said arithmetic logic unit upon receipt of a compute
command signal; and,

(m) an output terminal on said support coupled to
said output terminal on said neighborhood func-
tional unit and to said output terminal on said one
of said arithmetic processing unit, said logic unit or
said arithmetic logic unit for outputting digitally
encoded data from one only of said units represen-
tative of the computational result of said NEIGH-
BORHOOD, ARITHMETIC or LOGIC
TRANSFORM processing operation; whereby as
PIXEL data bits are shifted into and through said n
serially cascaded latches on each of said n process-
ing elements in successive PIXEL-by-PIXEL or-
der, a NEIGHBORHOOD, ARITHMETIC or
LOGIC TRANSFORM processing operation is
conducted on each and every PIXEL stored in a
given one of said n serially cascaded latches and
wherein each NEIGHBORHOOD TRANS-
FORM conducted with respect to each said
PIXEL data bit being processed is based upon that
PIXEL data bit’s relation to all neighboring

PIXEL data bits and boundary data bits in said AB
neighborhood.
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37. A processing element as set forth in claims 33 or
36 wherein each said two-dimensional AB array is a
3 X3 array and “n” 1s “3”,

38. A processing element as set forth in claims 35 or
36 wherein each said two-dimensional AB array is a
Golay Surround, said n serially cascaded intercon-
nected latches are three in number, said n first and sec-
ond input terminals are each two in number and are
coupled to respective ones of four input terminals on
said neighborhood functional unit, and said n first and
second output terminals are each two in number.

39. A vector image processor for use in processing
digitally encoded PIXEL data bits contained within a
multiplicity of two-dimensional 3 X3 neighborhood
arrays in parallel row, internally pipelined, column-by-
column order and for use with an image processing
system having: (1) a sensor for outputting a two-dimen-
sional XY video image having PIXELS oriented in “X”
rows “A”, “B”, “C” ... “X,;” and “Y” columns “0”,
“17, 27 .. .Y ,”; (11) a memory for receiving data from
said sensor and containing XY address locations for
storage of said PIXEL data bits and boundary address
locations for storage of data bits representative of the
north, south, east and west boundaries of said two-di-
mensional XY video image; (iii) a central processing
unit coupled to said sensor and said memory; and (iv), a
sequencer controlled by said central processing unit and
coupled to said memory and said vector image proces-
sor for inputting data shift command signals thereto and
for inputting compute command signals to said vector
image processor for initiating a computational process-
ing operation; said vector image processor comprising,
in combination:

(a) a processing element having:

(1) three (3) senally cascaded interconnected
latches P—, P and P+4;

(11) a neighborhood functional unit for performing
programmed NEIGHBORHOOD TRANS-
FORM processing operations and having nine
(9) input terminals P—, P, P4+, N—, N, N4,
S—, S and S+ and an output terminal; and,

(111) means for transmitting the data contained in
respective ones of said latches P—, P and P+ at
any given instant of time to respective ones of
said input terminals P—, P and P+ on said
neighborhood functional unit;

(b) a series of three (3) serially cascaded intercon-
nected latches N—, N or N+

(c) a series of three (3) serially cascaded intercon-
nected latches S—, S and S+-:

(d) means for transmitting data contained in respec-
tive ones of said latches N—, N, N+, S—, S and
S+ at any given instant of time to respective ones
of said input terminals N—, N, N+, S—, Sand S+
on said neighborhood functional unit;

(e) means for coupling said latch P— to the memory
for receiving data stored in said XY address loca-
tions for a given “X” row in column-by-column
pipelined order upon generation of shift command
signals by the sequencer;

(f) means for coupling said output terminal on said
neighborhood functional unit to the memory for
inputting data to the appropriate XY address loca-
tions therein for data output from a given process-
ing operation upon generation of shift command
signals by the sequencer:;

(g) means for coupling said latches N- and P— to
the memory for receiving north and south bound-
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ary data, respectively, stored in north and south

boundary address locations for each of said “X”

rows in column-by-column pipelined order upon

generation of shift command signals by the se-
quencer;

(h) means for transmitting data shift command signals
generated by the sequencer and coupled to the
memory to all of said latches and to said neighbor-
hood functional unit for causing data contained
therein to be shifted one column position for each
data shift command signal; and,

(1) means for transmitting a compute command signal
generated by the sequencer to said neighborhood
functional unit for initiating a NEIGHBORHOOD
TRANSFORM processing operation;

whereby said “X” rows of data in said XY array are
processed in sequential column-by-column and
row-by-row order.

40. A vector image processor for use in processing
digitally encoded PIXEL data bits contained within a
multiplicity of two-dimensional 3X3 neighborhood
arrays in parallel row, internally pipelined, column-by-
column order and for use with an image processing
system having: (1) a sensor for outputting a two-dimen-
sional XY video image having PIXELS oriented in “X”
rows “A”, “B”, “C” ... “X,” and *“Y” columns “0”,
“17,42” ... “Y,”; (i1) a memory for receiving data from
said sensor and containing XY address locations for
storage of said PIXEL data bits and boundary address
locations for storage of data bits representative of the
north, south, east and west boundaries of said two-di-
mensional XY video image; (iii) a central processing
untt coupled to said sensor and said memory; and (iv), a
sequencer controlled by said central processing unit and
coupled to said memory and said vector image proces-
sor for inputting data shift command signals thereto and
for inputting compute command signals to said vector
image processor for initiating a computational process-
ing operation; said vector image processor comprising,
in combination:

(a) a processing element having:

(1) three (3) serially cascaded interconnected
latches P—, P and P+-;

(11) a neighborhood functional unit for performing

- programmed NEIGHBORHOOD TRANS-
FORM processing operations and having nine
(9) input terminals P—, P, P4+, N—, N, N+,
S—, S and S+ and an output terminal;

(iit) one of an arithmetic processing unit, a logic
unit or an arithmetic logic unit for performing
one of programmed ARITHMETIC or LOGIC
TRANSFORM processing operations and hav-
ing a pair of input terminals P— and P and an
output terminal; and,

(iv) means for transmitting the data contained in
respective ones of said latches P—, P and P+ at
any given instant of time to respective ones of
said input terminals P—, P and P+ on said
neighborhood functional unit and to respective
ones of said input terminals P— and P on said
one of said arithmeic processing unit, said logic
unit or said arithmetic logic unit;

(b) a series of three (3) serially cascaded intercon-
nected latches N—, N and N+

(c) a series of three (3) serially cascaded intercon-
nected latches S—, S and S+

(d) means for transmitting data contained in respec-
tive ones of said latches N—, N, N4, S—, § and
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S+ at any given instant of time to respective ones
of said input terminals N—, N, N+, S—, Sand S+
on said neighborhood functional unit;

(e) means for coupling said latch P— to the memory
for receiving data stored in said XY address loca-
tions for a given “X” row in column-by-column
pipelined order upon generation of shift command
signals by the sequencer;

(f) means for coupling said output terminals on said
neighborhood functional unit and said one of said
arithmetic processing unit, logic unit or arithmetic
logic unit to the memory for inputting data to the
appropriate XY address locations therein for data
output from a given processing operation upon
generation of shift command signals by the se-
quUEncer;

(g) means for coupling said latches N— and P— to
the memory for receiving north and south bound-
ary data, respectively, stored in north and south
boundary address locations for each of said “X”
rows in column-by-column pipelined order upon
generation of shift command signals by the se-
quencer;

(h) means for transmitting data shift command signals
generated by the sequencer and coupled to the
memory to all of said latches and to both said
neighborhood functional unit and said one of said
arithmetic processing unit, logic unit or arithmetic
logic unit for causing data contained therein to be
shifted one column position for each data shift
command signal; and,

(1) means for transmitting a compute command signal
generated by the sequencer to one of said neighbor-
hood functional unit or said one of said arithmetic
processing unit, said logic unit or said arithmetic
logic unit for initiating one only of a NEIGHBOR-
HOOD, ARITHMETIC or LOGIC TRANS-
FORM processing operation; whereby said “X”
rows of data in said XY array are processed in
sequential column-by-column and row-by-row or-
der.

41. A vector image processor as set forth in claims 39
or 40 wherein said latches N—, N, N+, S—, Sand S+,
all of said coupling means and said transmitting means
are mounted on said processing element.

42. The method of processing a two-dimensional XY
PIXEL image array containing discrete bits of digitally

encoded PIXEL data oriented in “X” rows and “Y”

columns, and including a multiplicity of overlapping
AB neighborhoods, where at least one of “A” and “B”
has any desired whole integer value greater than “1”,
and wherein each AB neighborhood includes a PIXEL
to be processed and data bits representative of neighbor
PIXELS, said method comprising the steps of:

(a) shifting n rows of digitally encoded PIXEL data,
where “n” i1s any whole integer, in column-by-
column sequential internally pipelined order
through a one-dimensional columnar array of n
processing element(s) each including:

(1) latch means equal in number to the value of “A”
in the AB neighborhood for storing a plurality of
discrete bits of digitally encoded data intermedi-
ate successive data shifts, and wherein the latch
means comprises serially cascaded intercon-
nected latches in those instances where “A” is

greater than “1”; and,
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(1) a neighborhood functional processing unit for
performing a NEIGHBORHOOD TRANS-
FORM processing operation;

(b) conveying the digitally encoded data stored in the
latch means in each of the n processing element(s)
and corresponding to each PIXEL to be processed
to the neighborhood functional processing unit on
that processing element;

(c) conveying digitally encoded data representative
of all neighbor PIXELS contained within each AB
neighborhood to the neighborhood functional pro-
cessing unit in each of the n processing element(s);

(d) performing a computatlonal NEIGHBORHOOD
"TRANSFORM processing operation on the digi-
tally encoded PIXEL data for each PIXEL being
analyzed at a given instant of time in the neighbor-
hood functional processing unit in each of the n
processing element(s); and,

(e) outputting digitally encoded data representative
of the results of each computational NEIGHBOR -
HOOD TRANSFORM processing operation on
each PIXEL being processed, with all PIXELS in

a given “Y” column of PIXELS and in the n rows

being processed in parallel in those instances where
n is greater than “1”, and with all PIXELS in each

of the n rows being processed in internally pipe-

hined sequential order.

43. The method of processing a two-dimensional XY

- PIXEL 1mage array containing discrete bits of digitally

- encoded PIXEL data oriented in “X” rows and “Y”

columns, and including a multiplicity of overlapping

AB neighborhood, where at least one of “A’” and “B”

has any desired whole integer value greater than “17,

and wherein each AB neighborhood includes a PIXEL

to be processed and data bits representative of neighbor

PIXELS; said method comprising the steps of:

(a) shifting n rows of digitally encoded PIXEL data,
where “n” is any whole integer, in column-by-
column sequential internally pipelined order

through a one-dimensional columnar array of n

processing element(s) each including:

(1) latch means equal in number to the value of “A”
in the AB neighborhood for storing a plurality of
discrete bits of digitally encoded data intermedi-
ate successive data shifts, and wherein the latch
means comprises serially cascaded intercon-
nected latches in those instances where “A” is
greater than “1”;

(11) a neighborhood functional processing unit for

- performing a NEIGHBORHOOD TRANS-
FORM processing operation; and,

(1) one of an arithmetic processing unit, a logic
unit or an arithmetic logic unit for performing
one of an ARITHMETIC TRANSFORM pro-
cessing operation or a LOGIC TRANSFROM
processing operation;

(b) conveying the digitally encoded data stored in the
latch means in each of the n processing element(s)
and corresponding to each PIXEL to be processed
to the nelghborhaod functional processing unit on
that processing element;

(c) conveying digitally encoded data representative
of all neighbor PIXELS contained within each AB
nelghborhood to the neighborhood functional pro-
cessing unit in each of the n processing element(s)

(d) conveying dlgltally encoded data stored in the
latch means in each of the n processing elements
and corresponding to each PIXEL to be processed,
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and digitally encoded data stored in an adjacent
one of the latch means to the one of the arithmetic
processing unit, logic unit or arithmetic logic unit
on that processing element;

(e) performing one of a computational NEIGHBOR-
HOOD TRANSFROM processing operation, a
computational ARITHMETIC TRANSFORM
processing operation, or a computational LOGIC
TRANSFORM processing operation on the digi-
tally encoded PIXEL data for each PIXEL being
analyzed at a given instant of time in either the
neighborhood functional processing unit or the one
of the arithmetic processing unit, logic unit or
arithmetic logic unit in each of the n processing
element(s); and,

(f) outputting digitally encoded data representative of
the results of each computational TRANSFORM
processing operation on each PIXEL being pro-
cessed, with all PIXELS in a given “Y” column of
PIXELS and in the n rows being processed in
parallel in those instances where n is greater than
“1”, and with all PIXELS in each of the n rows

being processed in internally pipelined sequential
order.

44. The method as set forth in claims 42 or 43 wherein
the PIXEL data bits are processed using bit-serial arith-
metic.

45. The method as set forth in claims 42 or 43 wherein
n is greater than “1”, and the n processing elements are
bit-serial synchronous processing elements.

46. The method as set forth in claims 42 or 43 wherein
each AB neighborhood array is a two-dimensional 3 X 3
array.

47. The method as set forth in claims 42 or 43 wherein
each AB neighborhood array is a Golay Surround.

48. The method as set forth in claims 42 or 43 wherein
n is greater than “2”, and wherein the digitally encoded
data in the northernmost one of the n processing ele-
ments provides north neighbor inputs to the neighbor-
hood functional unit on the adjacent southern process-
ing element, the digitally encoded data in the southern-
most one of the n processing elements provides south
neighbor input to the neighborhood functional unit on
the adjacent northern processing element, and wherein
the digitally encoded data in all intermediate ones of the
n processing elements provides north neighbor input to
the neighborhood functional unit on the adjacent south
processing element and south neighbor input to the
neighborhood functional unit on the adjacent north
processing element.

49. The method as set forth in claim 48 wherein north
and south border memories provide north and south
neighbor inputs respectively to the neighborhood func-
tional units on respective ones of the northernmost and
southernmost ones of the n processing elements.

50. The method as set forth in claims 42 or 43 wherein
n is greater than “1” and is a whole integer fraction of
“X”, and wherein the two-dimensional XY PIXEL
image array is processed by processing successive strips
each including n rows of digitally encoded PIXEL data
with such rows being processed in parallel internally
pipelined order and with such strips being processed in
series.

51. An image processing system for processing a
two-dimensional XY array of digitally encoded PIXEL
data bits disposed in “X” rows “A”, “B”, “C” ... “X,”
and “Y” columns *“0%, “1”, “2” ... “Y,” wherein said
array contains discrete PIXEL data bits, and for per-
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forming NEIGHBORHOOD TRANSFORM process-
ing operations on each PIXEL data bit in said two-di-
mensional XY array based on the relation of the value of
each PIXEL data bit to the value of its immediately
adjacent neighbors in an AB neighborhood array con-
taining “A” columns and “B” rows where at least one of

“A” and “B” has an integer value greater than “1’*; said

image processing system comprising, in combination:

(a) a sensor for detecting image data and outputting
such data in the form of a two-dimensional XY
array of digitally encoded PIXEL data bits;

(b) a memory having XY address locations for storing
said two-dimensional XY array of digitally en-
coded PIXEL data bits;

(c) a vector image processor comprising n processing
element(s) wherein “n” can be any whole integer
value and wherein said n processing elements are
disposed 1n parallel in those instances where “n” is

greater than “1, said n processing element(s) each

including:

(1) m latch means where the value of “m” is equal
to the value of “A” in said AB neighborhood
array and where said m latch means comprise m
serially cascaded interconnected latches in those
instances where “A” and “m” are greater than
*“1”; and,

(1) a neighborhood functional unit having a first
group m, a second group m’, and a third group
m’’ of input terminals and an output terminal,
said neighborhood functional unit being pro-
grammed to perform selected NEIGHBOR-
HOOD TRANSFORM processing operations
on digitally encoded data presented on its input
terminals upon receipt of a compute command
signal;

(d) means for coupling said m latch means on each of
said n processing elements to:

(1) said first group m of input terminals on said
neighborhood functional unit on that particular
one of said n processing elements; |

(it) said second group m’ of input terminals on said
neighborhood functional unit on any immedi-
ately adjacent northern one of said n processing
elements; and,

(iii) said third group m" of input terminals on said
neighborhood functional unit on any immedi-
ately adjacent southern one of said n processing
elements; and,

(e) means for generating a series of programmed shift
and compute command signals and for transmitting
such signals to: (i) said memory XY address loca-
tions; (i1) said m latch means on each of said n
processing elements; and, (iii), said neighborhood
functional units on each of said n processing ele-
ments, for inputting shift command signals thereto,
and for inputting compute command signals to
each of said neighborhood functional units on each
of said n processing elements;

whereby each shift command signal input to: (i) n of

said memory XY address locations; (ii) said m latch 60

means on said n processing elements; and (iii), said

neighborhood functional units on each of said n

processing elements, serves to shift: (a) n of said
“X” rows of digitally encoded PIXEL data bits
stored in n adjacent ones of said memory XY ad-
dress locations where “n” is equal to the number
“n” of said processing elements; and (b), data bits
stored in all of said latch means and presented on
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said first, second and third groups m, m’ and m”’ of
input terminals of each of said neighborhood func-
tional units on each of said n processing elements
by one column position so as to shift n of said “X”
rows of digitally encoded PIXEL data bits succes-
sively through respective ones of said m latch
means on each of said n processing elements in
column-by-column internally pipelined order
whereby m digitally encoded PIXEL data bits are
presented on said first, second and third groups m,
m’ and m"” of input terminals of said neighborhood
functional units on each of said n processing ele-
ments; and, each compute command signal input to
said neighborhood functional unit on each of said n
processing elements serves to initiate a NEIGH-
BORHOOD TRANSFORM processing operation
with the results of each of said n operations being
output from said n processing elements on the next
succeeding shift command signal and being input to
the associated ones of said memory XY address
locations.

52. An image processing system for processing a
two-dimensional XY array of digitally encoded PIXEL
data bits disposed in “X” rows “A”, “B”, “C” ... “X,”
and “Y”’ columns “0”, “1”, “2” ... *“Y,” wherein said
array contains discrete PIXEL data bits, and for per-
forming a selected one of an ARITHMETIC TRAN-
SFROM or LOGIC TRANSFORM processing opera-
tion with respect to two adjacent PIXELS in a given
row, or a NEIGHBORHOOD TRANSFORM pro-
cessing operation on each PIXEL data bit in said two-
dimensional XY array based on the relation of the value
of each PIXEL data bit to the value of its immediately
adjacent neighbors in an AB neighborhood array con-
taining “A’”’ columns and “B” rows where at least one of
“A’ and “B” has an integer value greater than “1”; said
image processing system comprising, in combination:

(a) a sensor for detecting image data and outputting
such data in the form of an two-dimensional XY
array of digitally encoded PIXEL data bits;

(b) a memory having XY address locations for storing
said two-dimensional XY array of digitally en-
coded PIXEL data bits;

(c) a vector image processor comprising n processing
element(s) wherein “n” can be any whole integer
value and wherein said n processing elements are
disposed in parallel in those instances where “n” is
greater than “1”, said n processing element(s) each
including:

(1) m latch means where the value of “m” is equal
to the value of “A” in said AB neighborhood
array and where said m latch means comprise m
serially cascaded interconnected latches in those
instances where “A” and “m” are greater tha

uln. .
3

(1) a neighborhood functional unit having a first
group m, a second group m’, and a third group m
" of input terminals and an output terminal, said
neighborhood functional unit being pro-
grammmed to perform selected NEIGHBOR-
HOOD TRANSFORM processing operations
on digitally encoded data presented on its input
terminals upon receipt of a compute command
signal; and,

(111) one of an arithmetic processing unit, a logic
unit or an arithmetic logic unit having a pair of
input terminals and an output terminal and pro-

grammed to perform a selected ARITHMETIC
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and/or LOGIC TRANSFORM processing op-
eration on digitally encoded data presented on its
input terminals upon receipt of a compute com-
mand signal;

(d) means for coupling said m latch means on each of 5
said n processing elements to:

(1) said first group m of input terminals on said
neighborhood functional unit on that particular
one of said n processing elements;

(11) said second group m’ of input terminals on said
neighborhood functional unit on any imnmedi-
ately adjacent northern one of said n processing
elements; and,

(i11) said third group m" of input terminals on said
neighborhood functional unit on any immedi-
ately adjacent southern one of said n processing
elements;

(e) means for coupling two of said m latch means on
each of said n processing elements to respective
ones of said pair of input terminals on the one of 20
said arithmetic processing unit, logic unit or arith-
metic logic unit on that particular one of said n
processing elements; and,

(f) means for generating a series of programmmed
shift and compute command signals and for trans-
mitting such signals to: (i) said memory XY address
locations; (ii) said m latch means on each of said n
processing elements; (iti) said neighborhood func-
tional units on each of said n processing elements:
and (1v), said one of said arithmetic processing unit,
logic unit or arithmetic logic unit on each of said n
processing elements, for inputting shift command
signals thereto, and for inputting compute com-
mand signals to one only of said neighborhood
functional unit or said one of said arithmetic pro-
cessing unit, logic unit or arithmetic logic unit on
each of said n processing elements; whereby each
shift command signal input to: (i) n of said memory
XY address locations; (it) said m latch means on
said n processing elements; (iii) said neighborhood
functional units on each of said n processing ele-
ments; and (1v), said one of said arithmetic process-
ing unit, logic unit or arithmetic logic unit on each
of said n processing elements, serves to shift: (a) n
of said “X” rows of digitally encoded PIXEL data
bits stored in n adjacent ones of said memory XY
address locations where “n” is equal to the number
“n” of said processing elements; and (b), data bits
stored 1n all of said latches and presented on said
first, second and third groups m, m’ and m" of input
terminals of each of said neighborhood functional
units and on said pair of input terminals on said one
of said arithmetic processing unit, logic unit or
arithmetic logic unit on each of said n processing
elements by one column position so as to shift n of 55
said “X” rows of digitally encoded PIXEL data
bits successively through respective ones of said m
latch means on each of said n processing elements
in column-by-column internally pipelined order
whereby m digitally encoded PIXEL data bits are
presented on said first, second and third groups m,
m’ and m” of input terminals on said neighborhood
functional units on each of said n processing ele-
ments, and PIXEL data bits in two of said m latch
means on each of said n processing elements are
successively and simultaneously presented on said
pair of input terminals on said one of said arithme-
tic processing unit, logic unit or arithmetic logic
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unit on that particular one of each of said n process-
ing elements; and each compute command signal is
Input to one only of said neighborhood functional
unit or said one of said arithmetic processing unit,
said logic unit or said arithmetic logic unit on each
of said n processing elements and serves to initiate
a selected one of a NEIGHBORHOOD, ARITH-
METIC or LOGIC TRANSFORM processing
operation with the results of each of said n opera-
tions being output from said n processing elements
on the next succeeding shift command signal and
being input to the associated ones of said memory
XY address locations.
53. An image processing system as set forth in claims
51 or 32 wherein said n processing elements are bit-
serial processing elements.

54. An image processing system as set forth in claim
51 wherein n is greater than “1”,

3d. An image processing system as set forth in claim
52 wherein n is greater than “1”,

56. An image processing system as set forth in claims
54 or 35 wherein said n processing elements are bit-
serial synchronous processing elements.

57. An image processing system as set forth in claims
31, 52 54 or 55 wherein each said AB neighborhood
array 1s a two-dimensional 3 X 3 array and m is equal to
ii3!!.

58. An image processing system as set forth in claims
51, 52, 54 or 55 wherein each said AB neighborhood
array 1s a Golay Surround.

39. An image processing system as set forth in claims
51 or 52 wherein n is greater than “2” and wherein the
digitally encoded data in said m latch means of the
northernmost one of said n processing elements pro-
vides north neighbor inputs to said third group m'' of
input terminals on said neighborhood functional unit on
the adjacent southern processing element, the digitally
encoded data in said m latch means of the southernmost
one of said n processing elements provides south neigh-
bor inputs to said second group m’ of input terminals on
said neighborhood functional unit on the adjacent
northern processing element, and wherein the digitally
encoded data in satd m latch means of all intermediate
ones of said n processing elements provides north neigh-
bor inputs to said third group m" of input terminals on
said neighborhood functional unit on the adjacent
southern processing element and south neighbor inputs
to said second group m' of input terminals on said neigh-
borhood functional unit on the adjacent north process-
ing element.

60. An image processing system as set forth in claim
59 further characterized in that said memory includes
boundary address locations for storing digitally en-
coded data bits representative of the northern, southern,
eastern and western boundaries of said two-dimensional
XY PIXEL image array and wherein data output from
the northernmost and southernmost ones of said n pro-
cessing elements is also input to respective ones of said
south and north boundary address locations in said
memory.

61. An image processing system as set forth in claims
51 or 32 wherein n is greater than “1” and is a whole
integer fraction of “X”, and further including means for
shifting adjacent strips of said XY PIXEL image array
each including n rows of PIXEL data relatively
through said vector image processor in parallel row

internally pipelined column-by-column order with said
strips being processed in series.
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62. An image processing system as set forth in claims
31 or 52 wherein n is on the order of up to about “64”
and wherein all of said n processing elements, said m
latch means, and said couplmg means are formed on a
single mtegrated circuit.

63. In an image processing system of the type employ-
ing: (i) a sensor for detecting image data and outputting
such data in the form of a two-dimensional XY array of
digitally encoded PIXEL data bits disposed in “X”
rows “A”, “B”, “C” ... “X,” and “Y” columns “0”,
B S whereln said array contains discrete
PIXEL data bits and wherein said two-dimensional XY
array includes a plurality of overlapping AB neighbor-
hood arrays for each and every PIXEL location in the
XY array where at least one of “A” and “B” has an
interger value greater than “2”; (ii) a memory having
XY address locations for storing said two-dimensional
XY array of digitally encoded PIXEL data bits; (iii) a
special purpose image processor; (iv) a host central
processing unit coupled to the memory and to the spe-
cial purpose image processor; and (v) a sequencer con-
trolled by the central processing unit for inputting shift
command signals to the memory and both shift com-
mand signals and, compute command signals to the spe-
cial purpose image processor; the improvement in said
special purpose image processor comprising, in combi-
nation:

(a) means for shifting n of said “X” rows of digitally
encoded PIXEL data bits through said special
purpose image processor in parallel and in column-
by-column stepwise internally pipelined order
where “n” is any whole interger greater than “2”;

(b) means for storing n AB neighborhood arrays each
including a particular PIXEL data bit in one of the
n “X” rows and all neighboring PIXEL data bits in
the preselected AB array during periods intermedi-
ate successive data shift signals;

(c) means for performing a NEIGHBORHOOD
TRANSFORM processing operation on all data
bits in each of the n stored AB arrays; whereby said
two-dimensional XY array of PIXEL data bits is
processed in parallel row and internally pipelined
column-by-column order; and

(d) n processing elements and wherein said means for
storing n AB neighborhood arrays comprises n sets
of m latch means where “m” is less than “n” and
with one such set formed on each of said n process-
ing elements whereby the centermost one of said m
latch means on any given one of said n processing
elements contains the PIXEL data bits to be ana-
lyzed by that processing element during a NEIGH-
BORHOOD TRANSFORM and wherein that
processing element comprises the centermost one
of m of said n processing elements, and wherein all
latch means in said n processing elements surround-
ing the centermost one of said m latch means on
said given one of said n processing elements pro-
vide neighbor inputs to that one of said n process-
ing elements containing said centermost one of said
m latch means.

64. In an image processing system of the type employ-

ing: (1) a sensor for detecting image data and ouputting

such data in the form of a two-dimensional XY array of
digitally encoded PIXEL data bits disposed in “X”’
rows “A”, “B”, “C” ... “X,” and “Y” columns “0”,
“17, 27 ... Y, wherein said array contains discrete
PIXEL data bits and wherein said two-dimensional XY
array includes a plurality of overlapping AB neighbor-
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hood arrays for each and every PIXEL location in the
XY array where at least one of “A” and “B” has an
integer value greater than “2”; (ii) a memory having XY
address locations for storing said two-dimensional XY
array of digitally encoded PIXEL data bits: (iii) a spe-
cial purpose image processor; (iv) a host central pro-
cessing unit coupled to the memory and to the special
purpose image processor; and (v), a sequencer con-
trolled by the central processing unit for inputting shift
command signals to the memory and both shift com-
mand signals and compute command signals to the spe-
cial purpose image processor; the improvement in said
special purpose image processor comprising, in combi-
nation:

(a) means for shifting n of said “X” rows of digitally
encoded PIXEL data bits through said special
purpose 1mage processor in parallel and in column-
by-column stepwise internally pipelined order
where “n” is any whole integer greater than *“2°;

(b) means for storing n AB neighborhood arrays each
including a particular PIXEL data bit in one of the
n “X” rows and all neighboring PIXEL data bits in
the preselected AB array during periods intermedi-
ate successive data shift signals;

(c) means for performing a selected one of:

(1) a NEIGHBORHOOD TRANSFORM process-
Ing operation on all data bits in each of the n
stored AB arrays: or,

(11) one only of an ARITHMETIC TRANSFORM
and a LOGIC TRANSFORM processing opera-
tion with respect to each PIXEL data bit being
analyzed in each of said n “X” rows and an adja-
cent PIXEL data bit in one of said n “X” rows:

whereby said two two-dimensional XY array of

PIXEL data bits is processed in parallel row and

internally pipelined column-by-column order; and

(d) n processing elements and wherein said means for
storing n AB neighborhood arrays comprises n sets
of m latch means where “m” is less than “n” and
with one such set formed on each of said n process-
ing elements whereby the centermost one of said m
latch means on any given one of said n processing
elements contains the PIXEL data bits to be ana-
lyzed by that processing element during a NEIGH-
BORHOOD TRANSFORM and wherein that
processing element comprises the centermost one
of m of said n processing elements, and wherein all
latch means in said n processing elements surround-
ing the centermost one of said m latch means on
said given one of said n processing elements pro-
vide neighbor inputs to that one of said n process-
ing elements containing said centermost one of said
m latch means.

65. The improvement in a special purpose image
processor as set forth in claim 63 or 64 wherein said AB
neighborhood array is a two-dimensional 3 X 3 array, m
1s “3”, and each of said n processing elements provides
north neighbor inputs to its neighbor processing ele-
ment on the south and south neighbor inputs to its
neighbor processing element on the north.

66. The improvement in a special purpose image
processor as set forth in claim 65 characterized in that

sald memory includes boundary address locations for

storing digitally encoded data bits representative of the
northern, southern, eastern and western boundaries of
said XY array; and, further including north and south
sets of three serially cascaded latches for respectively
storing north and south boundary data bits output from
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sald memory boundary address locations in column-by-
column pipelined order and where said north set pro-
vides north neighbor inputs to the northernmost one of
said n processing elements and said south set provides
south neighbor inputs to the southernmost one of saidn 3
processing elements.

67. The improvement in a special purpose image
processor as set forth in claim 66 wherein n is on the
order of up to about “64” and wherein said means for
storing n AB neighborhood arrays, said means for per- 10
forming a processing operation, and said north and
south sets of boundary data latches are formed on a
single integrated circuit.

68. A one-dimensional columnar vector image pro-
cessor for use in processing digitally encoded PIXEL 12
data bits contained within a multiplicity of overlapping
AB neighborhood arrays where at least one of “A” and
“B” has any desired whole integer value greater than
“1”, wherein said processor processes such digitally
encoded data bits in parallel row, internally pipelined,
coiumn-by-column order and is adapted for use with an
image processing system having: (i) a sensor for output-

ting an XY video image having a plurality of discrete
PIXELS oriented in “X” rows “A”, “B”, “C” ... “X,”

and “Y” columns “0”; “17, “2” ... “Y,”; (i) a memory
for receiving data from said sensor and containing XY
address locations for storage of said PIXEL data bits:;
(111) a central processing unit coupled to said sensor and
said memory; and (iv), a sequencer controlled by said
central processing urit and coupled to said memory and
satd vector image processor for inputting data shift
command signals thereto and for inputting compute
- command signals to said vector image processor for
Initiating a computational processing operation; said 15
vector lmage processor comprising, in combination:

(a) n processing elements disposed in parallel where
“n” is any whole integer greater than “1”, each of
said n processing elements including:

(1) m latch means where the value of “m” is equal 4,
to the value of “A” in said AB neighborhood
arrays and where said m latch means comprises
m serially cascaded interconnected latches
where “A” and “m” are greater than “1”’

(1) a neighborhood functional unit having a first 45
group m, a second group m’, and a third group
m" of input terminals and an output terminal,
said neighborhood functional unit being pro-
grammed to perform selected NEIGHBOR-
HOOD TRANSFORM processing operations s
on digitally encoded data presented on its input
terminals upon receipt of a compute command
signal; and,

(iii) one of an arithmetic processing unit, a logic
unit or an arithmetic logic unit having a pair of ;55
input terminals and an output terminal, said one
of said arithmetic processing unit, logic unit or
arithmetic logic unit being programmed to per-
form one of an ARITHMETIC TRANSFORM
or a LOGIC TRANSFORM processing opera- 60
tion on digitally encoded data presented on its
input terminals upon receipt of a compute com-
mand signal;

(b) means for coupling said m latch means on each of
sald n processing elements to: 65
(1) said first group m of input terminals on said

neighborhood functional unit on that particular
one of said n processing elements;
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(11) said second group m’ of input terminals on said
neighborhood functional unit on any immedi-
ately adjacent northern one of said n processing
elements; and,

(iii) said third group m"” of input terminals on said
neighborhood functional unit on any immedi-
ately adjacent southern one of said n processing
elements; and,

(c) means for coupling said one of said m latch means
containing the particular PIXEL data bit to be
processed and an adjacent one of said m latch
means on each of said n processing elements to
respective ones of said pair of input terminals of
said one of said arithmetic processing unit, logic
unit or arithmetic logic unit on each of said n pro-
cessing elements:

whereby each shift command signal generated by the
sequencer and input to said vector image processor
serves to shift all PIXEL data bits in each of said
AB neighborhoods by one column position and
where each compute command signal transmitted
by the sequencer to said vector image processor
serves to initiate a computational operation in ei-
ther said neighborhood logic unit or in the one of
said arithmetic processing unit, logic unit or arith-
metic logic unit on each of said n processing ele-
ments for initiating a selected one of a NEIGH-
BORHOOD TRANSFORM, an ARITHMETIC
TRANSFORM, or a LOGIC TRANSFORM.

69. A one-dimensional columnar vector image pro-
cessor as set forth in claim 68 wherein said n processing
elements are bit-serial synchronous processing ele-
ments.

70. A one-dimensional columnar vector image pro-
cessor as set forth in claim 68 wherein each said AB
neighborhood array is a two-dimensional 3X3 array
and “m” is equal to “3”,

71. A one-dimensional columnar vector image pro-
cessor as set forth in claim 68 wherein each said AB
neighborhood array is a Golay Surround.

72. A processing element for use in a vector image
processing system of the type employed in processing
discrete digitally encoded PIXEL data bits in a video
image comprising a multiplicity of overlapping AB
neighborhood arrays, where at least one of “A” and
“B” has any desired whole integer value greater than
“1”, in a two-dimensional XY PIXEL image array ori-
ented 1n “X” rows and “Y” columns and containing a
plurality of discrete PIXELS in internally pipelined
column-by-column order upon receipt of shift and com-
pute command signals from a suitable command source,
said processing element comprising, in combination:

(a) a support;

(b) m latch means mounted on said support where
“m” 1s equal to the number of PIXEL data bits
located in a horizontal row in each of said AB
neighborhood arrays and where said m latch means
comprise m serially cascaded interconnected
latches in those instances where m is greater than
uln;

(c) input terminal means mounted on said support and
coupled to the upstream one of said plurality of m
latch means for sequentially inputting successive
discrete digitally encoded PIXEL data bits in a
given “X” row to said m latch means;

(d) a neighborhood functional unit mounted on said
support for performing preprogrammed NEIGH-
BORHOOD TRANSFORM processing opera-
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tions, satd neighborhood functional unit having 3n
input terminals and an output terminal;

(e) means for coupling each of said m latch means to
respective ones of a first group of n of said 3n input
terminals on said neighborhood functional unit;

(f) means defining n first input terminals on said sup-
port for inputting n discrete bits of digitally en-
coded data from n north neighbors corresponding
in column “Y” position to the digitally encoded
data bits in each of said m latch means, said n first
input terminal defining means being coupled to
respective ones of a second group of n of said 3n
input terminals on said neighborhood functional
unit;

(g) means defining n second input terminals on said
support for inputting n discrete bits of digitally
encoded data from n south neighbors correspond-
ing in column “Y” position to the digitally encoded
data bits in said m latch means, said n second input
terminal defining means being coupled to respec-
tive ones of a third group of n of said 3n input
terminals on said neighborhood functional unit;

(h) means defining n first output terminals on said
support and respectively coupled to said m latch
means for outputting the digitally encoded PIXEL
data bits stored in said m latch means to a neighbor-
ing north processing element;

(1) means defining n second output terminals on said
support and respectively coupled to said m latch
means for outputting the digitally encoded PIXEL
data bits stored in said m latch means to a neighbor-
ing south processing element;

() means defining a command input terminal formed
on satd support and coupled to each of said m latch
means and to said neighborhood functional unit for
shifting data stored therein by one column position
upon receipt of a shift command signal and for
initiating a NEIGHBORHOOD TRANSFORM
processing operation with respect to data on the
input terminals of said neighborhood functional
unit upon receipt of a compute command signal;

and,
(k) an output terminal on said support coupled to said

output terminal on said neighborhood functional
unit for outputting digitally encoded data from said
neighborhood functional unit representative of the
computational result of said NEIGHBORHOOD
TRANSFORM processing operation;

whereby as PIXEL data bits are shifted into and
through said m latch means on said processing
element is successive PIXEL-by-PIXEL order, a
NEIGHBORHOOD TRANSFORM processing
operation is conducted on each and every PIXEL
stored In a given one of said m latch means with
each said PIXEL data bit being processed based
upon its relation to all neighboring PIXEL data
bits in said AB neighborhood.

73. A processing element for use in a vector image
processing system of the type employed in processing
discrete digitally encoded PIXEL data bits in a video
iImage comprising a multiplicity of overlapping AB
neighborhood arrays, where at least one of “A” and
“B” has any desired whole integer value greater than
“1”, in a two-dimensional XY PIXEL image array ori-
ented 1n “X” rows and “Y” columns and containing a
plurality of discrete PIXELS in internally pipelined
column-by-column order upon receipt of shift and com-
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pute command signals from a suitable command source,
said processing element comprising, in combination:

(a) a support;

(b) m latch means mounted on said support where
“m” 1s equal to the number of PIXEL data bits
located 1n a horizontal row in each of said AB
neighborhood arrays and where said m latch means
comprise m serially cascaded interconnected
latches in those instances where m is greater than
uln;

(c) input terminal means mounted on said support and
coupled to the upstream one of said plurality of m
latch means for sequentially inputting successive
discrete digitally encoded PIXEIL data bits in a
given “X” row to said m latch means:;

(d) a neighborhood functional unit mounted on said
support for performing preprogrammed NEIGH-
BORHOOD TRANSFORM processing opera-
tions, said neighborhood functional unit having 3n
Input terminals and an output terminal;

(e) means for coupling each of said m latch means to
respective ones of a first group of n of said 3n input
terminals on said neighborhood functional unit;

(f) means defining n first input terminals on said sup-
port for inputting n discrete bits of digitally en-
coded data from n north neighbors corresponding
In column “Y” position to the digitally encoded
data bits in each of said m latch means, said n first
input terminal defining means being coupled to
respective ones of a second group of n of said 3n
input terminals on said neighborhood functional
unit;

(g) means defining n second input terminals on said
support for inputting n discrete bits of digitally
encoded data from n south neighbors correspond-
ing in column “Y” position to the digitally encoded
data bits in said m latch means, said n second input
terminal defining means being coupled to respec-
tive ones of a third group of n of said 3n input
terminals on said neighborhood functional unit;

(h) means defining n first output terminals on said
support and respectively coupled to said m latch
means for outputting the digitally encoded PIXEL
data bits stored in said m latch means to a neighbor-
ing north processing element;

(1) means defining n second output terminals on said
support and respectively coupled to said m latch
means for outputting the digitally encoded PIXEL
data bits stored in said m latch means to a neighbor-
ing south processing element;

(J)) means defining one of an arithmetic processing
unit, a logic unit or an arithmetic logic unit on said
support for performing a selected one of a prepro-
grammed ARITHMETIC or LOGIC TRANS-
FORM, said one unit having a pair of input termi-
nals and an output terminal;

(k) means for coupling two adjacent ones of said m
latch means, including that latch means containing
PIXEL data bits for the particular PIXEL being
analyzed in each of said n processing elements, to
respective ones of said pair of input terminals on
said one unit;

(1) means defining a command input terminal formed
on said support and coupled to each of said m latch
means and to said neighborhood functional unit
and to said one of said arithmetic processing unit,
logic unit or arithmetic logic unit for shifting data
stored therein by one column position upon receipt
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of a shift command signal and for initiating one
only of a NEIGHBORHOOD, ARITHMETIC or
LOGIC TRANSFORM processing operation with
respect to data on the input terminals of one only of
said neighborhood functional unit or said one of
satd arithmetic processing unit, said logic unit or
said arithmetic logic unit upon receipt of a compute
command signal; and, |
(m) an output terminal on said support coupled to
sald output terminal on said neighborhood func-
tional unit and to said output terminal on said one
of said arithmetic processing unit, said logic unit or
said arithmetic logic unit for outputting digitally
encoded data from one only of said units represen-
tative of the computational result of said NEIGH-
BORHOOD, ARITHMETIC or LOGIC
TRANSFORM processing operation;

whereby as PIXEIL. data bits are shifted into and
through said m latch means on each of said n pro-
cessing elements in successive PIXEL-by-PIXEL
order, a NEIGHBORHOOD, ARITHMETIC or
LOGIC TRANSFORM processing operation is
conducted on each and every PIXEL stored in a
given one of satd m latch means and wherein each
NEIGHBORHOOD TRANSFORM conducted
with respect to each said PIXEL data bit being
processed is based upon that PIXEL data bit’s
relation to all neighboring PIXEL data bits in said
AB neighborhood.

74. A processing element as set forth in claims 72 or
73 wherein each said AB array is a two-dimensional
3X 3 array and *n” is “3”.

75. A processing element as set forth in claims 72 or
73 wherein each said AB array is a Golay Surround,
sald m latch means are three in number and are serially
cascaded and mterconnected, said n first and second
input terminals are each two in number and are coupled
to respective ones of four input terminals on said neigh-
borhood functional unit, and said n first and second
output terminals are each two in number.

76. A vector image processor for use in processing
digitally encoded PIXEL data bits contained within a
multiplicity of two-dimensional 3X3 neighborhood
arrays in parallel row, internally pipelined, column-by-
column order and for use with an image processing
system having: (i) a sensor for outputting a two-dimen-
sional XY video image having a plurality of discrete
PIXELS oriented in “X” rows “A”, “B”, “C”... “X,”
and *“Y” columns “07, “17, “2” ... “Y,”; (ii) a memory
for receiving data from said sensor and containing XY
address locations for storage of said PIXEL data bits;
(i1i) a central processing unit coupled to said sensor and
sald memory; and (iv), a sequencer controlled by said
central processing unit and coupled to said memory and
said vector image processor for inputting data shift
command signals thereto and for inputting compute
command signals to said vector image processor for
Initiating a computational processing operation; said
vector 1mage processor comprising, in combination:

(a) a processing element having:

(1) three (3) serially cascaded interconnected
latches P—, P and P+

(11) a neighborhood functional unit for performing
programmed NEIGHBORHOOD TRANS-
FORM processing operations and having nine
(9) input terminals P—, P, P4+, N—, N, N+,
S—, S and S+ and an output terminal; and,
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(1) means for transmitting the data contained in
respective ones of said latches P—, P and P+ at
any given instant of time to respective ones of
said mnput terminals P—, P and P+ on said
neighborhood functional unit;

(b) a series of three (3) serially cascaded intercon-
nected latches N—, N and N+

(c) a series of three (3) serially cascaded intercon-
nected latches S—, S and S+;

(d) means for transmitting data contained in respec-
tive ones of said latches N—, N, N+, S—, S and
S+ at any given instant of time to respective ones
of said input terminals N—, N, N+, S—, Sand S+
on sald neighborhood functional unit;

(e) means for coupling said latch P— to the memory
for receiving data stored in said XY address loca-
tions for a given “X” row in column-by-column
pipelined order upon generation of shift command
signals by the sequencer;

(f) means for coupling said output terminal on said
neighborhood functional unit to the memory for
inputting data to the appropriate XY address loca-
tions therein for data output from a given process-
Ing operation upon generation of shift command
signals by the sequencer;

(g) means for transmitting data shift command signals
generated by the sequencer and coupled to the
memory to all of said latches and to said neighbor-
hood functional unit for causing data contained
therein to be shifted one column position for each
data shift command signal; and,

(h) means for transmitting a compute command signal
generated by the sequencer to said neighborhood
functional unit for initiating a NEIGHBORHQOOD
TRANSFORM processing operation;

whereby said “X” rows of data in said XY array are
processed 1n sequential column-by-column and
row-by-row order.

77. A vector image processor for use in processing
digitally encoded PIXEIL data bits contained within a
mulitiplicity of two-dimensional 3X3 neighborhood
arrays in parallel row, internally pipelined, column-by-
column order and for use with an image processing
system having: (1) a sensor for outputting a two-dimen-
stonal XY video image having a plurality of discrete
PIXELS oriented in “X” rows “A”, “B”, “C” ... “X,”
and “Y”’ columns “07, “1”°, “2” . .. “Y,”; (il) a memory
for receiving data from said sensor and containing XY
address locations for storage of said PIXEL data bits;
(111) a central processing unit coupled to said sensor and
said memory; and (iv), a sequencer controlled by said
central processing unit and coupled to said memory and
saild vector image processor for inputting data shift
command signals thereto and for inputting compute
command signals to said vector image processor for
initiating a computational processing operation; said
vector image processor comprising, in combination:

(a) a processing element having:

(1) three (3) serially cascaded interconnected
latches P—, P and P+;

(1) a neighborhood functional unit for performing
programmed NEIGHBORHOOD TRANS-
FORM processing operations and having nine
(9) input terminals P—, P, P4+, N—, N, N4,
S—, S and S+ and an output terminal;

(i1) one of an arithmetic processing unit, a logic
unit or an arithmetic logic unit for performing
one of programmed ARITHMETIC or LOGIC
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TRANSFORM processing operations and hav-
ing a pair of input terminals P— and P and an
output terminal; and, -
(iv) means for transmitting the data contained in
respective ones of said latches P—, P and P+ at
any given instant of time to respective ones of
satd input terminals P—; P and P+ said neigh-
borhood functional unit and to respective ones of
sald input terminals P— and P on said one of said
arithmetic processing unit, said logic unit or said
artthmetic logic unit;

(b) a series of three (3) serially cascaded intercon-
nected latches N—, N and N+

(c) a series of three (3) serially cascaded intercon-
nected latches S—, S and S+

(d) means for transmitting data contained in respec-
tive ones of said latches N—, N, N4, S—, S and
S+ at any given instant of time to respective ones
of said input terminals N—, N, N4-, S—, Sand S+
on said neighborhood functional unit;

(e) means for coupling said latch P— to the memory
for receiving data stored in said XY address loca-
tions for a given “X” row in column-by-column
pipelined order upon generation of shift command
signals by the sequencer;

() means for coupling said output terminals on said
neighborhood functional unit and said one of said
arithmetic processing unit, logic unit or arithmetic
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logic unit to the memory for inputting data to the
appropriate XY address locations therein for data
output from a given processing operation upon
generation of shift command signals by the se-
quencer;

(g) means for transmitting data shift command signals
generated by the sequencer and coupled to the
memory to all of said latches and to both said
neighborhood functional unit and said one of said -
arithmetic processing unit, logic unit or arithmetic
logic unit for causing data contained therein to be
shifted one column position for each data shift
command signal; and,

(h) means for transmitting a compute command signal
generated by the sequencer to one of said neighbor-
hood functional unit or said one of said arithmetic
processing unit, said logic unit or said arithmetic
logic unit for initiating one only of a NEIGHBOR-
HOOD, ARITHMETIC or LOGIC TRANS-
FORM processing operation; whereby said “X”
rows of data in said XY array are processed in
sequential column-by-column and row-by-row or-
der.

78. A vector image processor as set forth in claims 76

or 77 wherein said latches N—, N, N+, S—, Sand S+,
all of said coupling means and said transmitting means
are mounted on said processing element.
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